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 Abstract 
 
Name of University: The University of Manchester 
Candidate Name: Eamon Dubaissi 
Degree Title: PhD 
Thesis Title: The embryonic epidermis of Xenopus tropicalis: developing 
a model system for the study of mucociliary epithelia 
Date: 02.02.2011 
 
Mucociliary epithelia are found in the human airways and act as the first 
line of defence against inhaled foreign agents. Mucus traps potentially 
damaging particles and the cilia transport the mucus away from the 
airways to remove the threat. Modelling mucociliary epithelia for research 
purposes is challenging. This is because the airways are enclosed and 
are thus difficult to study directly. Instead, tissue is extracted or in vitro 
techniques are employed. Whilst these systems are useful, there is a 
need for accessible in vivo models to complement them.  
 
In this thesis I assess a new model system for studying mucociliary 
epithelia. This system is the larval epidermis of the amphibian, Xenopus 
tropicalis. Its epidermis comprises multi-ciliated cells that beat in a 
polarised direction reminiscent of those found in the human airways. It is 
also proposed to have a number of other cell types including mucus-
secreting cells, but very little is known about them. The epidermis is open 
and accessible to manipulation meaning that it has great potential to be 
used in the study of mucociliary epithelia in live, native conditions. Such a 
system would be a valuable addition to the current models employed. 
However, the epidermis has not been thoroughly characterized before so 
its utility as a model system remains speculative. 
 
To develop and evaluate this new model, I fully characterize the 
epidermis, showing that it has five distinguishable cell types. This 
includes a population of cells called ionocytes that are shown to be 
essential for the health and function of the epidermis. I also test for the 
presence of mucins, the structural component of mucus, secreted from 
the epidermis in order to evaluate the proposal that mucus-secreting cells 
are present in the epidermis. A mucin-like protein called otogelin is 
identified. After characterizing the epidermal cell types, I compare them to 
the human mucociliary epithelium and consider potential applications and 
future perspectives for this model. 
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1.1 A new model for studying mucociliary epithelia 
 
The amphibian, Xenopus, has been used very successfully as a model 
organism in developmental biology. Its use has underpinned many key 
findings in this field, most of which extend to higher organisms. Curiously, 
the larval epidermis of Xenopus has a population of motile ciliated cells 
and a population of secretory cells that are believed to secrete mucus 
(Billett and Gould, 1971). This architecture resembles that of the 
mucociliary epithelium found in the human airways, which has led many 
researchers in recent years to propose this system as a model for 
studying mucociliary epithelia (Hayes et al., 2007). It is important to have 
model systems to study mucociliary epithelia because damage to these 
epithelia are directly responsible for a number of disease conditions, 
including Cystic Fibrosis and asthma. Most current models used are 
mammalian models of the airways. However, it is difficult to study the 
airways in live conditions because they are not directly accessible. As a 
result, tissues are often harvested and taken out of their native 
environment or in vitro cell lines are employed. These are useful models, 
but there is a need for live, in vivo models to complement them. The 
Xenopus larval epidermis has the potential to be such a model because 
its epidermis is open and accessible to manipulation. However, the idea 
of using Xenopus larvae as a model system for studying mucociliary 
epithelia has not really been exploited thus far. This is principally because 
the epidermis remains poorly characterized so it is not known just how 
closely it resembles the human airway epithelium. In an effort to develop 
this model further, the aim of this study is to fully characterize the 
epidermis of Xenopus larvae. Once fully characterized, it will be much 
easier to assess its similarities with the human airway epithelium. 
 
The following introduction provides an overview of mucociliary epithelia 
as exemplified by the human airways. The key components of the 
mucociliary epithelium are discussed, together with the mechanism of 
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mucociliary clearance and the diseases that can arise when this 
mechanism is impaired. The current models that are used to study 
mucociliary epithelia are outlined before the Xenopus larval epidermis is 
introduced as a potential new system. The details of what is known about 
this epidermis are discussed together with the unknowns that form the 
basis for this thesis. The introduction ends with the specific aims and 
objectives for this investigation. 
 
1.2 What is the function of a mucociliary epithelium? 
 
Surfaces exposed to the environment are vulnerable to damage and 
infection. The airways are particularly vulnerable because air is constantly 
being exchanged in the lungs. The surfaces of the airways are exposed 
to toxic agents, noxious substances and airborne pathogens. In order to 
protect these surfaces, innate defence mechanisms have evolved. One of 
the principal defence mechanisms is to filter the air by trapping foreign 
materials at the surface and clearing them away before they can cause 
damage. This is achieved by mucociliary epithelia that line the airways in 
humans and many other vertebrates (Knowles and Boucher, 2002). 
Mucociliary epithelia secrete mucus onto their surfaces and project motile 
cilia. Mucus is a thick, sticky gel-like substance that sequesters foreign 
material before it can damage the underlying epithelia (Voynow and 
Rubin, 2009). Once the material has been trapped, the mucus is 
transported towards the pharynx by the polarised beating of the motile 
cilia, where it is swallowed or expectorated. This process is commonly 
known as mucociliary clearance (Knowles and Boucher, 2002). The 
human mucociliary epithelium in the airways is specialised to trap and 
remove material from the air before it reaches the respiratory surfaces of 
the bronchioles and alveoli (Chilvers and O'Callaghan, 2000). This 
prevents infection and ensures a sterile environment for respiratory 
exchange.  
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1.2.1 Structure of the human airways 
 
The airways are often divided into two compartments: the upper 
respiratory tract and the lower respiratory tract. The upper respiratory 
tract comprises the nasal passages, sinuses and throat, whilst the lower 
respiratory tract encompasses the large airways of the trachea and 
bronchi and the smaller airways of the bronchioles and alveoli (Hlastala 
and Berger, 2001). The majority of the lower respiratory tract has a 
mucociliary lining. The composition of the epithelium changes as the 
lower respiratory tract extends from the trachea to the alveoli. An 
overview is provided below and an illustration of the structure of the lower 
respiratory tract can be found in Figure 1.1.  
 
1.2.1.1 Tracheobronchial epithelia 
In the large airways of the trachea and bronchi, ciliated cells dominate the 
surface epithelium. Interspersed amongst these cells in the epithelium are 
mucus-secreting goblet cells (Ballard and Inglis, 2004). These large 
airways also have submucosal glands, which are comprised of mucous 
cells and serous acinar cells (Shimura, 2000). The glandular mucous 
cells and the epithelial goblet cells are responsible for mucus production 
and secretion onto the surface of the large airways. These cells are 
structurally similar, possessing numerous mucous vesicles that fill the 
cytoplasm ready for release (Evans and Koo, 2009). However, goblet 
cells tend to have a smaller basal attachment to the basement membrane 
presenting a stem-like appearance at their base. It is this stem together 
with the bulbous appearance of the cell that gives them their goblet-
shaped appearance and hence their name. The mucous cells have a 
much larger attachment to the basement membrane and so do not 
present a goblet-shaped appearance (Evans and Koo, 2009). The serous 
acinar cells are principally responsible for the secretion of fluid onto the 
surface (Jeffery and Li, 1997). Fluid secretion from these cells, together 
with a contribution from the epithelial cells, generates a liquid layer that 
resides on the surface reaching a maximum height just below the tips of 
 23 
the cilia. This layer is called the periciliary liquid layer or PCL (Ballard and 
Inglis, 2004). The mucus secreted by goblet cells and mucous cells forms 
a layer on top of the PCL, interacting with the tips of the cilia (Sleigh et 
al., 1988). Together, the mucus layer and the PCL are termed the airway 
surface liquid or ASL (Tarran, 2004). This arrangement of the cilia, the 
PCL and the mucus layer is critical for mucociliary clearance in the 
airways as will be discussed. 
 
1.2.1.2 Bronchiolar epithelia 
The mucociliary epithelium is maintained as the airways extend into the 
bronchioles, but the cell types and numbers change. The bronchial 
epithelia have fewer ciliated cells and do not contain any submucosal 
glands (Jeffery and Li, 1997). There are also fewer goblet cells as the 
epithelium changes and the airways get smaller (Lumsden et al., 1984). 
Serous-like cells and Clara cells can also be found in the bronchial 
epithelia. The serous-like cells are involved in fluid secretion, much like 
the serous acinar cells in the glands (Rogers et al., 1993). Clara cells are 
important for ASL composition and detoxification of harmful inhaled 
substances (Plopper, 1983; Stripp et al., 1996; Stripp et al., 2002).  
 
1.2.1.3 Respiratory epithelia 
As the airways extend into the terminal and respiratory bronchioles to 
enter the alveolar ducts and sacs, the epithelium is no longer a 
mucociliary epithelium (Fahy and Dickey, 2010). There are no goblet cells 
in the terminal bronchioles and few ciliated cells, with the majority of the 
epithelium composed of clara cells (Reynolds and Malkinson, 2010). 
When the airways reach the alveolar duct and sac, there are no ciliated 
cells at all.  Instead type I and type II alveolar cells are found in the 
epithelium and mediate gaseous exchange with the capillary network and 
secrete a protective fluid (alveolar subphase fluid, AVSF) into the lumen 
(Herzog et al., 2008).  
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 Figure 1.1 The lower respiratory tract of human airways 
 (A) The epithelium of large airways (trachea, bronchi and large bronchioles) is comprised mostly of ciliated 
cells, with interspersed goblet cells. Submucosal glands are found below the surface and extend into the 
lumen. Mucous cells and serous acinar cells are found in the submucosal glands. Serous acinar cells are 
responsible for fluid secretion, making up the periciliary liquid layer (PCL). The mucus layer interacts with 
ciliary tips. The mucus layer and the PCL together comprise the airway surface liquid (ASL). (B) Structure of 
the lower respiratory tract. (C) The small bronchiolar airway epithelium. Both goblet cells and ciliated cells 
become fewer in number as the branches extend towards the alveoli. Serous cells are found in the bronchiolar 
epithelia and secrete fluid to maintain the PCL. Clara cells are also found in the small airways and detoxify 
harmful environmental substances. (D) Alveoli are present at the end of bronchioles and do not have ciliated 
cells or goblet cells. The alveolar sacs and ducts are sites of gaseous exchange with an extensive capillary 
network. Diagram adapted from Jackson, 2001. 
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1.3 Key cell types in the mucociliary epithelium 
 
There are many cell types found in the mucociliary epithelium of the 
human airways as discussed above. However, efficient mucociliary 
clearance in the airways is dependent on the function and interaction of 
three principal cell types: the mucus secreting cells, the motile ciliated 
cells and and the serous acinar cells. Each of these cell types is now 
discussed individually to illustrate their specialized functions in the 
epithelium. 
 
1.3.1 Mucus-secreting cells 
Goblet cells and mucous cells secrete mucus to form the mucus layer 
that is positioned at the tips of the ciliated cells. Mucus is an aqueous 
solution containing a number of different components. These include 
glycoconjugates, protein, electrolytes, anti-bacterial agents, 
immunoglobulins and cellular debris (Rubin, 2010). However, the 
viscoelastic and structural properties of mucus are imparted by 
glycoproteins called mucins. 
 
1.3.1.1 Mucins 
Mucins are large glycoproteins that can polymerise to form gels. Their 
high molecular weight is principally due to extensive glycosylation, both 
N-glycosylation and O-glycosylation (Bansil et al., 1995). Vast O-
glycosylation of mucins is a particularly defining feature and means that 
the protein can comprise 75-90% carbohydrate by mass (Williams et al., 
2006). The mucins fall into two main categories, the membrane-bound 
mucins and the secreted mucins. The membrane-bound mucins have 
transmembrane and cytosolic domains and can participate in cellular 
adhesion and signal transduction events (Li et al., 1998). The secreted 
mucins are normally larger than their membrane-bound counterparts and 
they dimerise by disulphide linkage (Perez-Vilar and Hill, 1999). Mucin 
dimers can then multimerise to form long linear structures. In humans, 
eighteen MUC genes have been identified so far (Human Genome 
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Organisation, HUGO). Eleven of these are membrane-bound mucins and 
seven are secreted forms. Of the secreted forms, five are polymeric, gel-
forming mucins (MUC2, MUC5AC, MUC5B, MUC6 and MUC19), whilst 
the other two are non-polymeric (MUC7 and MUC8). In the airways, the 
main secreted mucins are MUC5AC and MUC5B (Hovenberg et al., 
1996a; Thornton et al., 2008; Wickstrom et al., 1998). It is the secreted, 
gel-forming mucins that are important for the structural properties of 
mucus. 
 
1.3.1.2 Structure of secreted mucins 
The secreted mucins have several characteristic domains. They have a 
number of cysteine-rich domains, including the cysteine knot (CK) 
domain, which resides at the extreme C-terminus (Thornton et al., 2008). 
The CK domain facilitates dimerisation of mucin monomers via disulphide 
linkages (Lang et al., 2007). They also have several vWF-like domains 
that are related to the von Willebrand factor, vWF (Wang and Eikenboom, 
2010). VWF is a blood glycoprotein that polymerises to form a vast 
network via disulphide bonding. It is believed that the vWF-like domains 
in mucins perform the same role in the polymerisation of mucin dimers. 
However, the real defining feature of mucins is their central mucin 
domain. It is sometimes called the PTS domain because it is rich in 
proline, threonine and serine residues that are often found in repeating 
sequences (Lang et al., 2007). The serine and threonine residues are 
extensively O-glycosylated resulting in a vast carbohydrate-rich region 
(Thornton et al., 2008). The carbohydrates also protect the protein 
‘backbone’ from proteases so as to maintain the structural integrity of the 
gel (Bansil et al., 1995). The generic structure of a secreted mucin 
glycoprotein is illustrated in Figure 1.2, together with a more elaborate 
depiction of the airway mucin MUC5AC, which shows the typical domains 
found in secreted polymeric mucins (Rose and Voynow, 2006). The 
length and distribution of the individual domains differs between mucins, 
but the general structure is conserved. 
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Figure 1.2 Mucin glycoproteins 
(A) A generic mucin. A large mucin domain (yellow) is found between the N-terminal (blue) and C-terminal 
(green) regions. The mucin domain is O-glycosylated on serine (open circles) and threonine (closed circles) 
residues. vWF domains and cysteine domains are found in the N and C termini. (B) MUC5AC domain 
structure. It has vWF-D and vWF-C domains at both the C- and N-termini. The large mucin domain is made up 
of PTS regions (rich in prolines, threonines and serines). The tandem-repeat regions describe regions of 
repetitive sequence that can vary in length. The cysteine knot domain can form interchain disulphide bonds. 
(C) Overview of mucin secretion in goblet cells. In the ER, mucin monomers undergo N-glycosylation and 
intra-chain disulphide bonding before dimerising at their C-termini. Mucin domains are O-glycosylated on 
serine and threonine residues in the Golgi. As the mucins move from the trans-golgi network (TGN) into 
secretory vesicles they polymerise via disulphide bonds between vWF domains. The mucins are proposed to 
either form linear or branched mucin polymers. To enter secretory granules the mucins undergo compaction. 
This is partly achieved through calcium ions that shield the negative charges on the carbohydrates. Secretory 
granules are then translocated to the apical membrane for release of mucins. As the vesicles open up to 
release their content, the mucins become hydrated and the calcium ions disperse causing massive expansion 
of the mucin network as they attain their gel-like properties. Model redrawn and adapted from (Thornton et al., 
2008). Diagrams in (B) and (C) redrawn from (Rose and Voynow, 2006). 
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1.3.1.3 Mucin processing and exocytosis 
Before mucins are secreted from goblet cells they are processed and 
post-translationally modified. The mucins are synthesised in the 
endoplasmic reticulum, glycosylated in the Golgi apparatus and then 
packaged in vesicles as mature mucin granules ready for release 
(Thornton et al., 2008). The mucin oligomers are tightly condensed in the 
vesicles due to the presence of Ca2+ ions at a very high concentration 
(Verdugo et al., 1987). These cations shield the highly negatively charged 
carbohydrate moieties, allowing the mucin chains to pack very close 
together (Verdugo, 1990). However, once the vesicles fuse with the 
plasma membrane, there is a rapid expansion in the mucin polymers as 
water enters, interacts with the carbohydrate moieties and hydrates the 
complex (Bansil et al., 1995). Ca2+ ions become diluted and the negative 
charges on the mucins repel each other driving the expansion. 
Bicarbonate ions are also believed to act in the process of mucin 
expansion by chelating Ca2+ ions and liberating the carbohydrate 
residues (Chen et al., 2010). The result is that the mucins expand out of 
their vesicles and spread over the epithelium. The process of mucin 
formation, secretion and expansion is summarised in Figure 1.2C. 
 
Exocytosis of mucins can occur by either constitutive secretion, where a 
basal level of mucin is secreted, or by stimulated secretion (regulated 
exocytosis), where extracellular stimuli regulate specific secretory events 
(Evans and Koo, 2009). The activation of the secretory machinery can be 
achieved by many different ligands and these are collectively termed 
secretagogues (Kim et al., 1997). Notable mucin secretagogues include 
the nucleotides, ATP and UTP, inflammatory mediators (e.g. TNF-α) and 
neurotransmitters such as acetylcholine (Ballard and Inglis, 2004; Inglis et 
al., 1997; Kreda et al., 2007; Levine et al., 1995). In regulated exocytosis, 
mucin-containing vesicles are transported to the apical membrane of 
goblet cells. This is achieved, in part, by chaperoning of the vesicle to the 
plasma membrane by myristoylated alanine-rich C-kinase substrate 
(MARCKS) protein (Li et al., 2001). When goblet cells are stimulated to 
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release their mucin content, MARCKS is phosphorylated, released from 
the plasma membrane into the cytoplasm and interacts with the mucin-
containing vesicle after being dephosphorylated once more (Li et al., 
2001). At the same time, MARCKS interacts with the actin/myosin 
contractile network. Once chaperoned to the apical surface, 
phosphorylation of MARCKS causes actin/myosin contraction and fusion 
of the vesicle with the membrane (Rogers, 2007). Membrane fusion, 
mediated by SNAREs initiates the release of the mucin content (Hong, 
2005). 
 
1.3.1.4 Trefoil factors 
Other types of molecules are also secreted alongside mucins in goblet 
cells. These include the trefoil factors or TFFs (Madsen et al., 2007). 
TFFs are peptides that are thought to interact with mucins and are 
particularly abundant in the respiratory tract and gastrointestinal mucosa 
(Ruchaud-Sparagano et al., 2004; Wiede et al., 1999).  Their function is 
still unclear, although experiments on gastric secretions indicate that they 
are important for increasing the viscosity of mucus (Kjellev et al., 2006). 
They have also been implicated as important molecules in the repair of 
damage to mucosal epithelia (Xue et al., 2010).  
 
1.3.1.5 Other mucus-secreting epithelia 
Mucus-secreting cells are also found in other parts of the body in addition 
to the airway epithelium. This includes the gastrointestinal tract and 
peripheral organs, such as the gall bladder (Finzi et al., 2006). A thick, 
viscous coat is secreted onto the gastrointesintal lining for both lubrication 
and protection. The mucosa of the stomach has an extremely thick layer 
of mucus made from the gel-forming mucins MUC5AC and MUC6 (Ho et 
al., 2004). The small intestine has goblet cells that secrete the polymeric 
mucin, MUC2 (van der Sluis et al., 2008). Meanwhile, mucins are 
secreted by goblet cells in the conjuctiva, generating a mucus layer over 
the ocular surface of the eye (De Paiva et al., 2010). This layer of mucus 
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helps provide lubrication as well as innate immunity to microbial infection 
of the eyes. Goblet cells are also found in the nasal mucosa, where 
mucus is needed as a first line of defence against particles entering the 
airways (De Paiva et al., 2010; Lin et al., 1997). In the cervical glands, 
mucus secretion is important for the reproductive cycle (Jansen, 1978; 
Ulcova-Gallova, 2010). Changes in the viscosity and thickness of cervical 
mucus during different phases of the reproductive cycle maximises the 
chances of sperm penetration of the uterus prior to ovulation. Mucus is 
thinner prior to ovulation, so that sperm can move much more freely, 
whereas after ovulation the mucus becomes thicker and stickier, blocking 
the transport of sperm (Ulcova-Gallova, 2010). 
 
1.3.2 Motile multi-ciliated cells 
The motile cilia that project from the multi-ciliated cells of the airway 
epithelium must beat in a controlled, coordinated fashion to clear the 
mucus. It is the structural properties of the motile cilia that generate the 
motion for mucociliary clearance.  
 
1.3.2.1 Structure of motile cilia 
Cilia are microtubule-based axonemes that extend from the surface of 
ciliated cells, remaining associated with the membrane (Satir and 
Christensen, 2007). The ciliary axonemes of motile cilia have a central 
pair of singlet microtubules surrounded by nine doublet microtubules, in a 
so-called ‘9+2’ arrangement (Satir and Christensen, 2007). The doublet 
microtubules consist of a complete microtubule, made up of 13 individual 
protofilaments (αβ tubulin polymers), attached to an incomplete 
microtubule, comprised of 10 protofilaments (Eley et al., 2005). Outer and 
inner dynein arms (ODAs and IDAs) are present on each doublet and are 
the force generators for ciliary motility (Kikushima, 2009). The ATPase 
activity of the dynein motors causes the doublets to slide against each 
other. This sliding motion is asynchronous around the axoneme 
generating the helical beating pattern of the cilia (Satir, 1980). The 
protein, Nexin, links neighbouring doublets and contributes to the control 
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of doublet sliding (Heuser et al., 2009). The central microtubules connect 
to the outer doublets by radial spokes that are believed to regulate the 
activity of the dynein arms (Yang et al., 2006).  At the base of the cilium, 
basal bodies are situated. The basal bodies are comprised of nine triplet 
microtubules that form the foundation at the apical membrane for the 
ciliary axoneme to extend away from the surface during ciliogenesis 
(Marshall, 2008). The basal body also allows communication between the 
cilium and the interior of the cell via the basal foot and ciliary rootlets. The 
basal foot is an extension that forms a globular structure and interacts 
with free apical microtubules of the internal cytoskeleton (Sandoz et al., 
1988). Ciliary rootlets are fibrous networks that also interact with the 
internal cytoskeleton and are thought to anchor the cilia for their long-
term stability (Yang et al., 2005; Yang et al., 2002). Figure 1.3A illustrates 
the main features of the motile cilia. 
 
Mucociliary epithelia have motile cilia, but there are two other types of 
cilia present in other tissues. These are the primary cilia and the nodal 
cilia. Primary cilia are usually single entities and are non-motile. They are 
found in most tissues and are principally concerned with sensory and 
signalling events (Praetorius and Spring, 2001). Nodal cilia are found on 
the embryonic node and are also important signalling hubs in 
development (McGrath et al., 2003). However, unlike primary cilia they 
are motile and their beating is important for generating local fluid flow for 
the distribution of signalling molecules (Nonaka et al., 1998). Nodal cilia 
are important mediators of vertebrate left-right asymmetry (McGrath et 
al., 2003). Unlike motile cilia, primary cilia and nodal cilia have a ‘9 + 0’ 
arrangement of microtubules. They both lack the central pair of singlet 
microtubules. However, nodal cilia are still capable of movement because 
they possess dynein arms, whereas primary cilia are immotile because 
they lack dynein arms (Eley et al., 2005). The basic structure of cilia, of all 
types, is conserved throughout evolution and is derived from the bacterial 
flagellum (Haimo and Rosenbaum, 1981). Figure 1.3B and C show the 
structure of the primary and nodal cilia. 
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 Figure 1.3 Comparison of motile cilia, primary cilia and nodal cilia 
(A) Motile cilia have a ‘9+2’ arrangement of microtubules (blue) in the axoneme. Nexin proteins (grey) connect 
the outer doublets, which also have inner (purple) and outer (red) dynein arms (IDAs and ODAs) to enable 
movement of cilia. Outer doublet microtubules connect to the inner singlet microtubules by radial spokes 
(green). Basal bodies comprise nine triplet microtubules from which the axoneme extends. The basal foot and 
ciliary rootlet connect the basal body to the internal cytoskeleton. Motile ciliated cells extend multiple cilia. (B) 
Primary cilia (9+0) are non-motile because they lack IDAs and ODAs and central singlet microtubules. They 
are present as single entities and sense signals from the environment (arrows). (C) Nodal cilia are present at 
the embryonic node as single projections with a ‘9+0’ arrangement of microtubules. However, they are motile 
because they have IDAs, ODAs and nexins. At the node, the cilia generate leftward fluid flow, contibuting to an 
asymmetry in signaling between cells at different sides. Nodal cilia are believed to be sensitive to calcium ion 
influx (McGrath et al.,2003). Figure adapted from Eley at al., 2005. 
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1.3.2.2 Other surfaces with motile cilia 
The concern of this study is the motile cilia that reside in the mucociliary 
epithelia. However, motile cilia are also important for generating fluid flow 
in other regions of the body. This includes the lining of the ventricles of 
the brain, which contain ependymal ciliated cells (Banizs et al., 2005). 
Here, the cilia beat to generate the flow necessary to distribute 
cerebrospinal fluid (CSF) throughout the central nervous system 
(Worthington and Cathcart, 1963). The flow of CSF is important for both 
the dispersal of metabolites and the dilution of toxins in various parts of 
the brain (Brown et al., 2004). The polarised beating of motile ciliated 
cells ensures that the CSF is constantly replenished (Mirzadeh et al., 
2010). Motile cilia are also found in the male and female reproductive 
epithelia. The fallopian tube has ciliated cells that mechanically assist the 
transport of ova and sperm needed for successful fertilisation (Lyons et 
al., 2006). The motile cilia are thought to be vital in the movement of ova 
to the site of fertilization, as well as in the distribution of tubular secretions 
(Lyons et al., 2006). Water-propelling motile cilia also reside in the 
efferent ducts of the testes, where they facilitate the transport of immature 
sperm out of the testes and towards the epididymis (Phillips et al., 1995). 
Furthermore, motile multi-ciliated cells are not limited to adult organisms, 
they are also found in developing organisms. In addition to the Xenopus 
larval epidermis, they have also been reported in the zebrafish inner ear 
and kidney during development (Colantonio et al., 2009; Kramer-Zucker 
et al., 2005; Liu et al., 2007). 
 
1.3.3  The serous acinar cells: ion transporting cells 
In the human airways, fluid secretion onto the surface serves a number of 
purposes. It hydrates the surface to allow the expansion of mucins and is 
responsible for generating the PCL. This creates the appropriate 
conditions for mucociliary transport. The serous acinar cells are ion-
transporting cells that regulate the balance of ions, particularly sodium 
and chloride, in the PCL (Lee and Foskett, 2010a; Lee and Foskett, 
2010b). Since the level of these ions affects the direction of water flow, 
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this allows the serous acinar cells to exert control over fluid secretion and 
thus regulate the volume and composition of the PCL (Lee et al., 2007). 
Several ion transporters have been reportedly expressed in the serous 
acinar cells. This includes the cystic fibrosis transmembrane conductance 
regulator (CFTR) and the epithelial sodium channel, ENaC (Engelhardt et 
al., 1992; Mall et al., 2004). 
 
1.3.3.1 CFTR 
CFTR is found in the apical membranes of the serous acinar cells and 
transports chloride ions into the lumen of the airways (Engelhardt et al., 
1992). This transport of chloride ions can create an osmotic imbalance 
causing water to flow into the lumen (Widdicombe, 2002). By controlling 
the equilibrium of chloride ions (and sodium ions – see ENaC), CFTR and 
other channels ensure that the PCL volume remains stable in healthy 
tissue (Ballard et al., 1999). Meanwhile, CFTR has also been shown to 
transport bicarbonate ions into the lumen, which might have important 
effects on the physiological conditions in the PCL, since it can act as a 
buffer and regulate the pH (Poulsen et al., 1994). As discussed earlier, 
bicarbonate is also important for chelating Ca2+ ions in the expansion of 
mucins and CFTR is implicated in this (Chen et al., 2010). This shows 
how ion transport can have an impact on the function of the whole 
mucociliary epithelum. See ‘Mucociliary Diseases’ for more details about 
CFTR (Section 1.5). 
 
1.3.3.2 ENaC 
ENaC passively transports sodium ions into the epithelium from the 
lumen and thus, if unregulated, can alter the ion balance in favour of salt 
intake (Mall et al., 2004). This would lead to an increase in water entry 
and the lowering of the PCL volume (Boucher, 2007). When CFTR is 
active, it is believed to inhibit ENaC, preventing sodium uptake at the 
same time as promoting chloride efflux (Berdiev et al., 2009). Controlling 
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the balance of both ions simultaneously allows for greater control over the 
volume and properties of the PCL. 
 
1.3.3.3 Other ion transporters 
Several other ion transporters have been described in the serous acinar 
cells (reviewed by (Ballard and Spadafora, 2007). Many of these 
transporters are believed to facilitate the transport of chloride and 
bicarbonate by CFTR. For example, chloride is believed to enter the 
serous acinar cells from the interstitial space via the Na+-K+-2Cl- (NKCC) 
cotransporter (Trout et al., 1998). This provides the necessary 
intracellular concentration of chloride ions for CFTR transport into the 
airway lumen (Ballard and Inglis, 2004). The chloride-bicarbonate 
exchanger, AE2, is also expressed in the serous acinar cells and 
contributes to the levels of intracellular chloride (and bicarbonate; (Loffing 
et al., 2000). Meanwhile, the sodium hydrogen exchanger, NHE, is 
thought to facilitate the transport of bicarbonate by CFTR (Lee and 
Foskett, 2010b). NHE extrudes protons into the interstitial space causing 
an increase in intracellular pH, which CFTR relieves by transporting 
bicarbonate into the airway lumen (Hug and Bridges, 2001). Serous 
acinar cells also regulate the balance of intracellular bicarbonate and 
protons using the enzyme, carbonic anhydrase (Spicer et al., 1982; 
Sugiura et al., 2009).  
 
1.4 The mechanism and stimulation of mucociliary 
clearance 
 
Mucociliary clearance relies upon exquisite regulation of the three key cell 
types. Beating of cilia, the production and secretion of mucus and the 
composition and volume of the PCL must be maintained to protect the 
epithelium from damage. Through regulation of the volume of the PCL 
(via serous acinar cells), the mucus is positioned at the ciliary tips so that 
it can be moved when the cilia begin to beat. 
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1.4.1 Mechanism of mucociliary clearance 
Ciliary beating of mucus can be separated into two strokes, an effective 
stroke and a recovery stroke (Sanderson and Sleigh, 1981). The process 
begins with a resting cilium, where the ciliary tip does not contact the 
mucus layer, it is instead found within the PCL (Smith et al., 2008). When 
stimulated to move, the cilium enters the recovery stroke and stimulates 
neighbouring cilia to do the same. The recovery stroke is in the opposite 
direction from the transport of mucus and occurs within the PCL 
(Sanderson and Sleigh, 1981). By the end of the recovery stroke the 
cilium extends perpendicularly to the surface and the tip engages with the 
mucus layer. In the effective stroke, the cilium exerts force on to the 
mucus, pushing it in the same direction as the stroke. At the end of the 
stroke, the ciliary tip disengages from the mucus and the force dissipates 
(Sanderson and Sleigh, 1981; Smith et al., 2008). The rest phase and 
recovery stroke can then begin again as the cycle repeats itself.  
 
The controlled movement of an individual cilium is proposed to occur via 
a switching mechanism on the axoneme (Sanderson and Sleigh, 1981; 
Satir and Matsuoka, 1989). In the recovery stroke, half of the dynein arms 
are activated, whilst the other half are deactivated. Then in the power 
stroke, the activated dynein arms switch to the other side of the axoneme. 
The individual cilia move in a so-called metachronal wave (Gueron and 
Levit-Gurevich, 1999). As one cilium contacts another it activates its 
movement until all the cilia move in the same direction, but at slightly 
different times (i.e. each cilium is slightly out-of-phase with its neighbour). 
This metachronal wave is important for mucociliary clearance because it 
means that individual cilia do not have to generate enough force to initiate 
the movement of mucus each cycle (Sanderson and Sleigh, 1981). 
Instead, activation of an individual cilium adds to the propulsion of the 
mucus layer that is already moving. Figure 1.4 summarises the 
mechanism of mucociliary clearance. 
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Figure 1.4 The mechanism of mucociliary clearance 
Diagram shows a single cilium at different phases of the beat cycle. (1) Cilium in the rest position at the start of 
recovery stroke. The cilium does not contact the mucus layer and moves backwards through the PCL. (2) At 
the end of the recovery stroke, the cilium is still within the PCL. (3) The cilium begins effective stroke and 
engages with mucus layer. The force of the cilia causes the mucus layer to move in the direction of the 
effective stroke. (4) At the end of the effective stroke the cilium disengages from the mucus layer. (5) The 
cilium returns to rest phase before cycle begins again. Figure adapted from Smith et al., 2008. 
 
 
1.4.2  Stimulation of mucociliary clearance 
Mucociliary epithelia must be responsive to the environment to initiate 
mucociliary clearance once stimulated. Cilia can respond directly to 
mechanical forces by sensing the environment. Once a force is sensed 
by the cilia this leads to an increase in intracellular Ca2+ that is believed to 
act directly on the axoneme to stimulate ciliary beating (DiPetrillo and 
Smith, 2009; Sanderson and Dirksen, 1989). This allows any mechanical 
stresses that the cilia sense from the environment to be transduced into 
ciliary activity clearing any substances trapped in the mucus (Winters et 
al., 2007). It has even been suggested that mucociliary clearance can be 
a self-regulating system, whereby ciliary beat frequency can respond 
directly to the mucus load (Sanderson and Dirksen, 1986). This positive 
feedback system could help to ensure that an increase in the mucus load 
is matched by a subsequent increase in ciliary beat frequency that would 
be needed to generate the extra force necessary to propel the increased 
load.  
 
Because mucociliary clearance requires the response of ciliated cells, 
mucus-secreting cells and serous cells it has been suggested that certain 
stimuli can control their activities simultaneously. For example, 
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nucleotides such as ATP have an impact on mucus secretion, ciliary 
activity and ion transport (Lazarowski et al., 1992; Lethem et al., 1993; 
Morse et al., 2001). In response to a mechanical stimulus, such as an 
inhaled foreign substance, it is easy to imagine how the release of small 
molecules such as nucleotides can simultaneously enhance fluid 
secretion to generate the PCL, increase mucus production to lie above 
the PCL and activate ciliary beating to initiate clearance (Davis and 
Lazarowski, 2008).  
 
The fact that mucociliary clearance is reliant on the coordinated activities 
of a number of cell types means that any changes in the equilibrium can 
have severe consequences. This is illustrated by the numerous diseases 
caused by a breakdown in the mechanism of mucociliary clearance.          
 
1.5 Mucociliary disease 
 
Disease can result from defects in any of the components of mucociliary 
epithelia, but the outcome is the same; impaired mucociliary clearance 
leads to increased susceptibility to damage and infection. Specific 
examples of mucociliary diseases are discussed below. They have been 
chosen so as to illustrate the importance of each of the three main cell 
types and the range of causes and clinical outcomes when they are 
defective. Most of the diseases discussed are caused by inherent defects 
with an individual or by infection, but there are of course many 
environmental factors, such as smoking and pollution, that can have a 
more general impact on mucociliary clearance. These aspects are not 
covered at length here, but have been described elsewhere (Houtmeyers 
et al., 1999).  
 
1.5.1 Ciliary Dysfunction - Primary ciliary dyskinesia 
Primary ciliary dyskinesia (PCD) describes a number of genetic disorders 
associated with ciliary motility (Afzelius, 1976). It is sometimes called 
immotile cilia syndrome, but this only describes a portion of the cases of 
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PCD. Sometimes the cilia can still move, but do so erroneously (Afzelius, 
2004). In other cases, the cilia are completely absent (DeBoeck et al., 
1992).  
 
1.5.1.1 Impact on mucociliary clearance 
One of the main presenting features of PCD is persistent and recurrent 
respiratory tract infection (Meeks and Bush, 2000). This is caused directly 
by immotile/dysmotile cilia being unable to clear mucus from the lower 
respiratory tract. As a result, bacteria are able to thrive and overwhelm 
the mucus barrier, infecting the underlying epithelium. Secondary 
conditions associated with PCD include sinusitis, bronchitis and otitis 
media (Houtmeyers et al., 1999). Despite their persistent respiratory 
infections, PCD patients have high rates of survival. This is thought to be 
because the production of mucus and the periciliary liquid layer is normal. 
The mucus is still hydrated by fluid secretion, so patients can 
mechanically clear it from their respiratory systems solely through 
repetitive coughing, rather than mucociliary clearance (Noone et al., 
1999).  
 
1.5.1.2 Causes 
PCD is caused by mutations in a number of genes associated with 
proteins that contribute to the structure and function of cilia. In the 
majority of cases, it is the absence or reduction in dynein arms that 
causes immotility/dysmotility of cilia (Bisgrove and Yost, 2006). Examples 
of genes that are mutated in dyneins include the intemediate chain 
dynein, IC78 and the heavy chain dynein DNAH5 (Olbrich et al., 2002; 
Pennarun et al., 1999). The intermediate chain dyneins are important for 
coordinating the activity of the ATPase-containing heavy chains 
(Pennarun et al., 1999). Other causes of PCD include absence of the 
central singlet microtubules and, in some cases, translocation of an outer 
doublet microtubule to the central region, which causes problems in the 
regulation of cilia beating (Stannard et al., 2004; Sturgess et al., 1980). 
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1.5.1.3 Other clinical features 
Susceptibility to respiratory tract infection due to poor mucociliary 
clearance is the main symptom of PCD, but because it is a disease of 
ciliary dysfunction other regions of the body that depend on ciliary activity 
can also be affected. These mainly reflect the disribution of ciliated 
surfaces in the body. Examples include the ependymal cilia of the brain, 
where hydrocephalus can result from poor cerebrospinal fluid transport 
(Eley et al., 2005). The buildup of fluid can cause chronic intracranial 
pressure (Banizs et al., 2005). Meanwhile, cilia are also found in the eye, 
where they connect segments in photoreceptors. Some patients with 
PCD have been reported to have the condition Retinitis Pigmentosa due 
to loss of cilia in the photoreceptor cells (Moore et al., 2006). Other 
conditions include male and female fertility problems due to immotile 
sperm and poor transit of ova in the fallopian tubes (Moore et al., 2006). 
Cystic kidney disorder and situs inversus have also been reported as a 
result of defects in primary cilia (in the kidney) and nodal cilia (that drive 
left-right asymmetry), respectively (Balci et al., 2000).      
 
1.5.2 Mucus hypersecretion and obstructive airway disease 
Several mucociliary diseases are associated with changes in mucus 
secretion, usually mucus hypersecretion. This can be associated with 
increased number of goblet cells (goblet cell hyperplasia) or an increase 
in size and quantity of secretion from existing cells (Rogers, 2007). Two 
conditions where mucus hypersecretion is prevalent are chronic 
obstructive pulmonary disease (COPD) and asthma. 
 
1.5.2.1 Chronic obstructive pulmonary disease 
COPD actually describes three diseases, chronic bronchitis, chronic 
bronchiolitis and emphysema. All three can result in obstruction of the 
airways, but only chronic bronchitis and bronchiolitis obstruct by mucus 
hypersecretion and result in impaired mucociliary clearance (Prescott et 
 41 
al., 1995). Emphysema is a long-term progressive lung disease caused 
by alveolar destruction rather than mucus hypersecretion (Anderson and 
Foraker, 1973). It comes under the term of an obstructive disease 
because the tissue damage to alveoli can cause them to collapse and 
thus obstuct the progress of airflow in the lungs.  
 
Chronic bronchiolitis and chronic bronchitis are inflammatory diseases, as 
well as hypersecretory diseases. Inflammation can result in remodelling 
and thickening of the airway walls, which is one source of obstruction (Xie 
et al., 2007). Chronic bronchiolitis is a disease of the small airways (i.e. 
bronchioles) and usually only affects young infants. It is often caused by 
viral infection and the inflammatory response that follows leads to the 
hypersecretion of mucus, which can completely block the bronchioles 
(Mejias et al., 2005). Chronic bronchitis is often a result of smoking 
tobacco, but is also caused by viral infection and sometimes by bacterial 
infection (Hayes and Meyer, 2007; Patel et al., 2008). The obstruction of 
airflow in patients with chronic bronchitis usually correlates with goblet 
cell hyperplasia, changes in mucin gene expression and an expansion in 
submucosal glands, which is also known as submucosal gland 
hypertrophy (Innes et al., 2006; Saetta et al., 2000). Secondary infections 
due to poor mucociliary clearance can be a complication of bronchitis, as 
for most other mucociliary diseases. 
 
1.5.2.2 Asthma 
Asthma is a disease caused by inflammation of the airways and can 
result in mucus hypersecretion and impaired mucociliary function (Del 
Donno et al., 2000). Unlike COPD, the impact on airflow in asthma is 
usually short-lived and reversible. Asthma is usually treatable, but in 
severe cases it can be fatal (Reid, 1987). Mucus hypersecretion and 
bronchoconstriction, together with impaired mucociliary clearance can 
result in mucus plugs that prevent respiratory exchange (Hays and Fahy, 
2003). Like in chronic bronchitis, inflammation is believed to be 
responsible for the changes in mucus secretion and remodelling of the 
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airways. Many inflammatory mediators (e.g. bradykinin and histamine) 
are released in asthma and affect both mucus secretion and ciliary beat 
frequency (Del Donno et al., 2000). In fact, mucus hypersecretion 
together with a decrease in ciliary beat frequency can lead to extensive 
structural tissue damage in asthmatic patients (Allegra et al., 1989). 
Shedding of ciliated epithelia is a particular problem in severe cases of 
asthma and can be put down to the overactive inflammatory response, 
which also drives excessive mucociliary clearance leading to damage 
(Djukanovic et al., 1990). As well as the complete destruction of ciliated 
cells, inflammatory mediators can also modify cilia so as to affect their 
motility and coordinated beating. One such inflammatory factor, the major 
basic protein, is known to have ciliostatic properties and has been 
isolated in eosinophils of asthmatics (Frigas et al., 1981). Asthma can be 
caused by both genetic and environmental factors and the clinical 
outcome often depends on the interaction between the two (Martinez, 
2007). When treated with medication to relax bronchial constriction of the 
smooth muscles, it is usually not as severe as some of the other 
mucociliary diseases (Drazen et al., 1999). 
 
1.5.3 Diseases of ion transport and the PCL 
The ionic balance of a secretory epithelium is important, particularly in the 
mucociliary epithelium where the PCL needs to be maintained for 
effective mucus clearance. Two conditions that illustrate the importance 
of ionic balance in the function of the mucociliary epithelium in the lower 
respiratory tract are cystic fibrosis and pseudohypoaldosteronism. 
 
1.5.3.1 Cystic Fibrosis 
Cystic fibrosis is an inherited genetic disorder that leads to pathologies 
throughout the body, but the defects are most critical (for survival) in the 
respiratory system. Cystic fibrosis is caused by mutations in the gene that 
codes for CFTR (Riordan et al., 1989). As discussed earlier, CFTR is 
principally found in the apical membrane of serous acinar cells and 
controls the balance of chloride and bicarbonate ions directly, and sodium 
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ions, indirectly through control of the sodium channel, ENaC (Berdiev et 
al., 2009; Engelhardt et al., 1992; Stutts et al., 1995). In patients with 
cystic fibrosis, mutations in CFTR prevent the proper folding and 
localization of the protein, which leads to its degradation (Cheng et al., 
1990). As a result, chloride ion secretion into the lumen is restricted and 
ENac is no longer regulated so sodium ions can pass into the epithelium. 
This leads to an osmotic imbalance and water enters the epithelium, 
dehydrating the surface and resulting in a shallow PCL and modified 
mucus properties (Matsui et al., 1998). This environment is not conducive 
to efficient mucociliary clearance, but provides the perfect conditions for 
bacterial colonization. Most CF patients die from secondary infections 
caused by impaired mucociliary function (Boucher, 2007).  
 
The impact of losing bicarbonate transport into the lumen when CFTR is 
absent also contributes to the pathology of the disease. Since 
bicarbonate aids in removing Ca2+ ions from mucins as they expand, loss 
of CFTR has a downstream impact on mucin secretion and structure 
(Chen et al., 2010). In cystic fibrosis, mucus is thick and sticky with 
reduced pore size compared with healthy mucus (Fahy and Dickey, 2010; 
Vasconcellos et al., 1994). This is thought to be both because of 
dehydration of the surface and a lack of bicarbonate-mediated expansion 
of mucin polymers. The result is that mucus is not easy to clear and also 
the reduced pore size is thought to favour bacterial colonization and 
inhibit movement of neutrophils that might otherwise combat infection 
(Matsui et al., 2005). The persistence of bacterial infection can enhance 
the inflammatory response leading to tissue damage and deterioration of 
the lungs (Perez et al., 2007).  
 
1.5.3.2 Pseudohypoaldosteronism (PHA) 
PHA is also a genetic disorder that affects ion balance in the airway 
lumen. Loss-of-function mutations in the gene for ENaC are responsible 
for PHA (Chang et al., 1996). The absence of ENaC function prevents 
sodium absorption from the airway lumen and so water enters the lumen 
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and increases the volume of the PCL (Kerem et al., 1999). However, 
unlike in CF, PHA sufferers do not have severe clinical problems. In 
infants, airway obstruction can be a clinical feature, but in adults there is 
little problem with mucus clearance or bacterial infection. This is thought 
to be because the rate of mucociliary clearance in PHA patients 
increases to compensate for the increased PCL volume, ensuring that 
chronic bacterial infection is avoided (Kerem et al., 1999). Figure 1.5 
summarises the pathogenesis of cystic fibrosis and PHA. 
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 Figure 1.5 Pathogenesis of Cystic Fibrosis and Pseudohypoaldosteronism (PHA)  
(A) In the normal condition, the periciliary liquid (PCL) layer is maintained just below the ciliary tips, with a mucus layer interacting with the tips. The volume of the PCL is maintained by the 
interaction of CFTR and ENaC in serous acinar cells (lower panel). CFTR can inhibit ENaC to simultaneously control chloride and sodium balance and thus the level of fluid secretion. (B) In cystic 
fibrosis, the volume of the PCL is very shallow because CFTR is no longer present at the surface. Chloride ions cannot leave the cells, but because ENaC is not inhibited, sodium ions can still enter 
the cells. This causes a buildup of ions within the cells and water enters, collapsing the PCL. The transport of bicarbonate ions is also impeded when CFTR is compromised, which might have 
downstream effects on the properties of mucus (Chen et al., 2010). The cilia also collapse in cystic fibrosis. (C) In PHA, ENaC is dysfunctional preventing sodium ion absorption and causing an 
increase in PCL volume as water enters the lumen. Diagrams not to scale. 
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The range of mucociliary diseases discussed above show the sheer 
number and diversity of problems that can lead to disease. However, 
research into the different diseases and their molecular causes is not 
straightforward. Studying the mucociliary epithelium of the lower 
respiratory tract in humans, in vivo, presents obvious difficulties and 
moral and ethical concerns. As a result, many different models have been 
developed to try and recreate the structure and environment of both 
healthy and diseased respiratory tissue. These models are needed to 
study the molecular basis of mucociliary clearance, the causes of disease 
and to trial novel therapeutics. Many model systems for mucociliary 
research have been successfully used, but they do have limitations. The 
different types of models are discussed in the next section.  
 
1.6 Models currently used in mucociliary research 
 
Models range from whole animal models to primary cell lines and tissue 
culture systems. The use of a particular model system depends firmly on 
the problem being investigated and the specific questions being asked by 
the investigator. There is no universal model system that can perfectly 
recreate the dynamics of the human respiratory epithelium, but there are 
several powerful systems that have been used to deduce many important 
aspects of mucociliary function in health and disease. This section looks 
briefly at some of these systems and assesses their strengths and 
weaknesses.   
 
1.6.1 Animal Models 
When it comes to the use of human subjects in studying mucociliary 
function and disease, research is largely confined to studying sputum 
samples and nasal secretions (Persson et al., 1992). If more in-depth 
study is required, animal systems are employed. The use of animals in 
research is largely regarded within the scientific and medical communities 
as a necessity in order to study the functions of many tissues and organs, 
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particularly as they relate to disease. With respect to mucociliary function, 
many different animals, mainly mammals, have been employed. This 
includes using live animals to study mucus secretions under the influence 
of different environmental factors. One example is the use of canine 
models to study the impact of tobacco smoking (King et al., 1989). 
Meanwhile, murine models have mostly been used to model mucociliary 
disease. For example, models of cystic fibrosis have been developed in 
mice by targeted knockout of the CFTR gene (Snouwaert et al., 1992). 
Despite ablation of CFTR, the murine models do not recreate the 
pathologies seen in cystic fibrosis in humans, which is an obvious 
drawback. It is believed that the lack of a disease phenotype in mice is 
because the murine respiratory system does not have submucosal glands 
and hence does not have the same serous acinar cells that have been 
shown to predominantly expresss CFTR (Guilbault et al., 2007).  
 
To rectify this problem, researchers have recently turned to larger 
mammalian models such as the pig and the ferret, which both have 
submucosal glands (Rogers et al., 2008; Sun et al., 2010). The porcine 
model has succeeded in generating pigs with targeted disruption of the 
gene for CFTR. Because the structure of its respiratory epithelium closely 
resembles that of the human tissue, the CFTR-disrupted pigs also 
develop respiratory disease (Joo et al., 2010). This system has great 
potential for studying this disease and for testing novel therapeutics. 
However, these large mammalian systems are experimentally challenging 
to use, expensive, labour-intensive and can only be used in limited 
numbers. In addition, like all mammalian model systems of the lungs, 
research into the function of mucociliary clearance suffers from the fact 
that the organ is inaccessible and therefore cannot be studied directly in 
live conditions. Instead, tissue must be harvested and then tested 
histochemically or immunologically for specific markers. This can have its 
uses, but limits the whole animal system somewhat when it comes to 
determining molecular mechanisms.  
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1.6.2 Ex vivo systems 
To study isolated mucociliary epithelia some investigators have used 
tissue explant techniques such as bovine trachea explants and use of the 
frog palate, which is also a mucociliary epithelium (Wills et al., 1995; 
Zayas et al., 2004). These techniques have the advantage of looking at 
specific aspects of mucociliary function and can also be used to test 
environmental factors. However, it is more difficult to directly test the 
impact of diseases using tissue explants because they are no longer part 
of a whole system. In combination with whole animal models, ex vivo 
systems can be very powerful, but do suffer from the fact that there are 
limited models and they can often only be used for short periods of time. 
The ethical concerns about using explanted tissue from animals are 
another drawback. As an alternative, in vitro systems have been 
developed from primary cultures and these allow extended periods of use 
and do not have such ethical barriers as the use of whole animals and ex 
vivo techniques. 
 
1.6.3 In vitro tissue systems 
Investigators have developed ways of culturing respiratory tissue, 
particularly tissues harvested from tracheobronchial epithelia. Tissues 
have been cultured from hamsters, rats and even humans (Cieluch et al., 
2005; Kaartinen et al., 1993; Niles et al., 1988). Two examples of human 
in vitro cells routinely used are the Calu-3 cell line developed from human 
submucosal glands and the primary normal human tracheobronchial 
epithelial cells, NHTBE (Thornton et al., 2000; Zhu et al., 2010). Both of 
these systems enable extended research into the molecular function of 
mucociliary clearance (e.g. ciliary beat frequency and secretion of 
mucins) and cell-cell interactions. These systems have also been used in 
a revolutionary technique to model the in vivo conditions by growing the 
cells in an air-liquid biphasic culture chamber (Gray et al., 1996). This has 
allowed researchers to investigate physiological aspects of the airway 
surface liquid and the periciliary liquid layer, in particular. However, in 
simplifying the models used, these cell lines do not recreate the whole 
system with all the different cell types. For example, the NHBTE cells do 
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not have submucosal glands (Thornton et al., 2000). Research using 
these primary cells also suffers from the fact that the cells are not in their 
native environment and addition of growth factors and experimental 
manipulation can make translation of results back to the host organism 
less reliable.  
 
Use of mammalian systems, whether that be whole animals, ex vivo or in 
vitro techniques, represent the closest practical method of studying the 
human mucociliary airways. These are the best techniques currently 
available to model disease and develop therapeutics. However, one 
aspect that all these various techniques lack is the ability to look at live 
mucociliary clearance in an in vivo setting.  
 
1.6.4 Use of accessible live model systems 
The main advantage of an accessible live system is that the impact of 
alterations (i.e. at the gene or environment level) can be determined 
directly in the native environment. As most mammalian systems have 
internal mucociliary epithelia, some researchers have looked towards 
other animals that secrete protective mucus layers onto their surfaces. 
Many organisms use mucus as a protective coat that aids in moisture 
retention, creates a barrier against harmful pathogens and noxious 
agents and provides a lubricating environment. Examples of organisms 
that secrete mucus onto their surface include slugs, many types or fish 
(e.g. hagfish and eel) and amphibians such as frogs and salamanders 
(Downing et al., 1981; Engelhardt et al., 1994; Heiss et al., 2009; Tasumi 
et al., 2002; Yuasa et al., 1998). However, the surfaces of these animals 
are examples of mucosal epithelia, rather than mucociliary epithelia (i.e. 
they lack ciliated cells). These animals have their uses for looking at 
aspects such as mucus secretion and response to stimuli/inhibitors, but 
they do not represent good models for probing the key interactions that 
occur in a mucociliary epithelium. However, one model that may be 
conducive to live study is the larval epidermis of Xenopus, which is 
believed to be a mucociliary epithelium. 
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The table below summarises some of the key findings using a number of 
different model systems ranging from animal models of disease to simple 
in vitro systems of cilia function. 
 Table 1.1 Use of different mucociliary model systems 
MODEL 
 
Examples of use REFERENCES 
Whole animal 
models 
 
Many mucociliary tissues 
harvested from different 
organisms to study the different 
cell types. Disease models also 
generated, as exemplified by 
cystic fibrosis. Environmental 
factors studied on whole animal 
models. 
 
Canine model of 
tobacco smoking 
Measuring properties of mucus 
secretion and viscoelastcicty in 
dogs exposed directly to tobacco 
smoke. 
(King et al., 1989) 
Murine model of 
cystic fibrosis 
First CFTR gene knockout 
model was perfomed in mice, 
but did not replicate human 
disease. 
(Snouwaert et al., 1992) 
(Guilbault et al., 2007) 
Porcine model of 
cystic fibrosis 
Pigs have submucosal glands 
like humans and CFTR knockout 
induces CF-like respiratory 
disease. Pigs lacking CFTR 
show distinct lack of fluid 
production from submucosal 
glands. 
(Rogers et al., 2008) 
(Joo et al., 2010) 
Ferret model of 
cystic fibrosis 
CFTR knockout in ferret closely 
resembles human CF disease. 
Defective chloride transport and 
secretion of fluid from 
submucosal glands. 
Predisposition to lung infection. 
(Sun et al., 2010) 
Ex vivo systems 
 
Bovine trachea and frog palates 
used as models for ciliary 
transportability of mucus. Rabbit 
tracheal mucosa and 
submucosal glands also used in 
isolation. 
 
Frog palate 
 
Testing early effects of tobacco 
smoke exposure on clearance of 
mucus. Testing velocity of 
mucociliary transport. 
(Zayas et al., 2004) 
Bovine Trachea 
 
Ciliary transportability of sputum. (Wills et al., 1998) 
Mammalian 
submucosal 
glands 
Serous acinar cells studied after 
isolation from murine nasal 
tissue and porcine bronchial and 
tracheal submucosal glands. 
(Lee and Foskett, 2010a; 
Lee et al., 2007) 
Isolated rabbit 
tracheal mucosa 
Tracheal mucosa from rabbits 
used to study influence of 
calcium influx on mucociliary 
(Sanderson and Dirksen, 
1986) 
(Sanderson and Sleigh, 
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clearance. Also used to 
demonstrate mechanism of 
ciliary beating, the switch point 
hypothesis and metachronism. 
1981) 
In vitro systems 
 
Use of primary cell cultures and 
cell lines. 
 
Normal human 
tracheobronchial 
epithelial cells 
Investigation of the role of 
MARCKS protein in regulated 
exocytosis of mucins. Effects of 
intracellular pH on ciliary beat 
frequency. Demonstration of the 
importance of nucleotides such 
as ATP in airway surface liquid 
homeostasis. 
(Li et al., 2001) 
(Sutto et al., 2004) 
(Lazarowski et al., 2004) 
Calu-3 cell line Study of submucosal gland 
serous cells. Study of the role of 
CFTR in serous acinar cells. 
Study of the Calu-3 cell line as a 
tool to screen pulmonary drug 
delivery. 
(Shen et al., 1994) 
(Foster et al., 2000) 
A549 cells, human 
lung carcinoma 
cell line 
Used to study the role of 
bicarbonate in expansion of 
mucins. 
(Chen et al., 2010) 
Live accessible 
models 
 
Some animals secrete mucus 
onto their surfaces. These have 
been useful for studying aspects 
of mucus production, secretion 
and regulation. 
 
Hagfish slime 
gland 
The hagfish contains a slime 
gland that was proposed as a 
model for studying the biological 
properties of mucus. 
(Downing et al., 1981) 
(Herr et al., 2010) 
Xenopus laevis 
adult skin 
The skin of adult Xenopus laevis 
has submucosal glands similar 
to human submucosal glands. 
CFTR is expressed in the glands 
and three mucins have been 
identified, FIM-A.1, FIM-B.1 and 
FIM-C.1 
(Engelhardt et al., 1994) 
(Schumacher et al., 1994) 
Salamander skin 
glands 
The skin of adult salamanders 
contains mucous glands and 
serous glands. 
(Heiss et al., 2009) 
Other model 
systems 
Many invertebrate models have 
been used to elucidate specific 
mechanical functions, 
particularly the movement of 
cilia. 
 
Sea urchin sperm 
flagella 
The flagellum of sea urchin 
sperm was first used to 
investigate the ATP-induced 
sliding of microtubules, which is 
common to motile cilia. 
(Summers and Gibbons, 
1971) 
Chlamydomonas 
(unicellular 
flagellate) 
The ciliary proteome has been 
identified in Chlamydomonas 
and much of the structural 
information about cilia was first 
elucidated in species such as 
Chlamydomonas. 
(Pazour et al., 2000) 
(Pazour et al., 2005) 
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1.7 Xenopus larval epidermis as a mucociliary research 
model 
 
During the early development of the aquatic amphibian, Xenopus, there is 
a period of time where the epidermis has both motile ciliated cells and 
putative mucus-secreting cells in an arrangement similar to the human 
mucociliary epithelium (Billett and Gould, 1971; Hayes et al., 2007). The 
concurrence of these two cell types, together with the fact that they are 
present on the epidermis and open to manipulation and direct observation 
makes this system a very promising candidate for a live model of 
mucociliary clearance. However, the use of this model is hindered by the 
lack of characterization of the epidermal cell types in the larval epidermis.  
 
As discussed for the human mucociliary epithelium, effective clearance of 
mucus is dependent on three cell types; the ciliated cells, the mucus-
secreting cells and the serous acinar cells (ion-transporting cells). In the 
Xenopus larval epidermis, only the ciliated cells have been studied in 
depth (Mitchell et al., 2007; Park et al., 2008). The mucus-secreting cells 
have been described ultrastructurally by electron microscopy on several 
occasions (Billett and Gould, 1971; Hayes et al., 2007), but very little is 
known about the material that they secrete or whether this material is 
transported by the cilia. There have been no reports of an ion-
transporting population of cells in the larval epidermis, but there are cell 
types that have been observed in addition to the mucus-secreting cells 
and the ciliated cells that are of unknown function (Montorzi et al., 2000; 
Nickells et al., 1988). It is possible that one of these cell types has a 
similar role to the serous acinar cells. In summary, there is currently not 
enough information about the larval epidermis to confidently begin 
exploiting its potential as a model for mucociliary research. This is 
something that this thesis aims to address.  
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In this section, Xenopus is introduced as a model organism, before the 
epidermis is described in detail. So as to illustrate exactly when the 
epidermis is proposed to be a mucociliary epithelium, the development of 
the epidermis is charted from when it first begins to differentiate after 
gastrulation until the epidermis is remodelled for adult life. In this way 
attention can be drawn to when each of the cell types arises, which cell 
types are known and which cell types remain to be characterized.  
 
1.7.1 Xenopus as a model organism 
The African clawed frog Xenopus laevis has been used for many years as 
a model for vertebrate embryonic development because it has many 
advantageous features. The size and robustness of the embryos are 
conducive to micromanipulation, they are produced in vast numbers and 
they develop over a short time scale (Sive et al., 2000). However, one 
drawback of Xenopus laevis is that its genome is duplicated, which is 
thought to be because of a merger between two progenitor species 
approximately forty million years ago (Graf and Kobel, 1991). This type of 
genome is challenging to manipulate genetically and makes genome 
sequencing more difficult. However, in the last decade the related 
organism Xenopus tropicalis has been increasingly used alongside the 
more established model (Amaya et al., 1998). Xenopus tropicalis retains 
the qualities listed for Xenopus laevis above, but it also has one important 
advantage; it has a diploid genome rather than the duplicated, 
pseudotetraploid genome of Xenopus laevis. This makes it much more 
genetically tractable (Kashiwagi et al., 2010). In addition, the full genome 
for Xenopus tropicalis has recently been sequenced, which makes it an 
even more attractive option (Hellsten et al., 2010). In this study, Xenopus 
tropicalis has been used exclusively, but much of the previous work that 
will be discussed was performed in Xenopus laevis. Given the similarities 
between the two species, most of the principles from one organism apply 
to the other and vice versa. This includes the morphological changes that 
occur as they develop. 
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1.7.2 Xenopus epidermal development  
The epidermis of Xenopus undergoes profound changes as the early 
embryo develops into a tadpole and then undergoes metamorphosis to 
become an adult frog (Sive et al., 2000). The following section describes 
the development of the epidermis and how different cell types arise within 
it. Embryonic development of Xenopus is often divided into stages. 
Nieuwkoop and Faber established a simple numerical system to describe 
the stages of development of Xenopus embryos based on characteristic 
morphological features (Nieuwkoop and Faber, 1994). All stages referred 
to in this thesis are based upon this system. Figure 1.6 illustrates the 
important stages for this study, together with the key features of the 
epidermis at each stage. This figure should be used for guidance in the 
following discussion and throughout the thesis. 
55 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 1.6 Charting Xenopus epidermal development 
As the embryo develops from gastrula stage to adult, many rounds of cell differentiation and remodelling occur. This figure shows how the epidermis changes and key stages are highlighted. A brief 
description of the epidermal cells present at each stage is given below a diagram of the morphological features of the embryo. For details, see main text. Anatomical diagrams taken from Nieuwkoop 
and Faber (1994). Abbreviations; intercalating non-ciliated cell (INC). Diagrams not to scale 
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1.7.2.2 Gastrulation 
During gastrulation (stages 10-12.5), the three germ layers are specified: 
the ectoderm, the mesoderm and the endoderm (Gilbert, 2000). The 
ectoderm is fated to become both epidermal tissue and nervous tissue 
(Chang and Hemmati-Brivanlou, 1998). Endoderm forms the inner 
regions of the embryos and is fated to become internal organs such as 
the liver, lungs, pancreas and lining of the digestive tract (Zorn and Wells, 
2009). Mesoderm lies between the ectoderm and the endoderm and 
represents the primitive region that will become connective tissue (e.g. 
bone, muscle, tendons and blood vessels), blood cells and organs such 
as the heart and kidney (Kimelman, 2006). At early gastrula stages, the 
outer regions of the embryo are several layers thick and the cells do not 
have any distinct morphological features. In fact, they are still 
undifferentiated, resembling the cells of the pre-gastrula embryo and the 
egg (Billett and Gould, 1971). However, as the mesoderm and endoderm 
are being internalized, the ectodermal cells start to change. The inner 
layers of the ectoderm intercalate to become a single layer so that the 
ectoderm comprises an outer (superficial layer) and an inner (sensorial) 
layer (Keller, 1980). The two layers are still undifferentiated at this point 
(Figure 1.6; stage 11), but as the ectoderm is partitioned into nervous 
tissue and epidermal tissue, the epidermal cells become more tightly 
adherent to each other as they prepare to differentiate (Billett and Gould, 
1971).  
 
1.7.2.3 Early differentiation of the epidermis 
At the same time as the nervous tissue is developing, the epidermis also 
begins to differentiate. This period of time, where the neural tube forms is 
usually called the neurula stage and incorporates stages 13-21 
(Nieuwkoop and Faber, 1994). During late gastrula/early neurula stages, 
the outer epidermal cells become polarised along an apical basal axis 
(Asada-Kubota, 1989). Pigment molecules that were found apically during 
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gastrulation become localized deeper within the cytoplasm and 
organelles such as mitochondria become redistributed between the 
nucleus and the apical membrane (Billett and Gould, 1971). In this early 
period after gastrulation, the inner cell layer also undergoes changes. 
Analysis by electron microscopy shows ultrastructural features of pre-
centriolar material that will become basal bodies (Billett and Gould, 1971). 
These are early ciliated cell precursors (Figure 1.6; stage 14). The 
presence of these precursors in the inner layer has also been confirmed 
using specific markers of ciliated cells (Deblandre et al., 1999). 
Furthermore, as the embryo develops, these precursors have been 
shown to intercalate into the outer layer of the epidermis (Deblandre et 
al., 1999; Drysdale and Elinson, 1992). The mechanisms of specifying the 
ciliated cells in the inner layer and then their radial intercalation have also 
been elucidated (Deblandre et al., 1999; Stubbs et al., 2006). 
 
1.7.2.4 Mechanism of ciliated cell development 
Studies to identify the origin of ciliated cells in the epidermis showed that 
the ciliated cell precursors in the inner layer are specified by Notch-
mediated lateral inhibition (Deblandre et al., 1999; Stubbs et al., 2006). 
Notch signalling is used in many developmental processes. It is 
responsible for the specification of one cell type over its neighbours by 
direct cell-cell contact, inducing downstream changes in gene expression 
(Artavanis-Tsakonas et al., 1995). In the inner layer of the developing 
Xenopus larval epidermis, cells expressing the notch ligand, Delta, are 
specified to become ciliated cells, whilst they preclude their neighbours 
(expressing the Notch ligand) from adopting the same fate (Deblandre et 
al., 1999). In summary, Delta binds to Notch on neighbouring cells and 
this leads to internalization of the Notch receptor, which then 
downregulates expression of genes associated with ciliated cell 
differentiation (Deblandre et al., 1999). The Notch-expressing cells are 
retained as undifferentiated cells in the inner layer, whilst the number of 
cells becoming ciliated cells are restricted by this mechanism. Once the 
ciliated cell precursors have been specified they undergo a coordinated 
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intercalation event into the outer layer between the existing cells in this 
layer (Deblandre et al., 1999). This event takes place between stages 15-
19 and the ciliated cells form an evenly distributed spacing pattern in the 
outer layer. In addition, another population of cells are specified by Notch 
signalling alongside ciliated cell precursors (Stubbs et al., 2006). These 
cells are termed intercalating non-ciliated cells, or INCs and they also 
undergo intercalation into the outer layer forming a scattered distribution 
in the epidermis (Stubbs et al., 2006). The identity and characteristics of 
the INCs is unknown, but is a main focus of this thesis. Figure 1.7 
illustrates the mechanism of specification and intercalation of the ciliated 
cell precursors and the INCs.  
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Figure 1.7 Mechanism of ciliated cell development 
(A) Three steps lead to the generation of mature ciliated cells in the epidermis. (1) Notch-mediated lateral 
inhibition specifies ciliated cell precursors (CCPs) and intercalating non-ciliated cells (INCs) in the inner layer. 
CCPs and INCs express Delta (d), whilst neighbouring cells express Notch (n). (2) CCPs and INCs intercalate 
into the outer layer and mix with outer cells. (3) Ciliated cells undergo ciliogenesis to become mature ciliated 
cells. (B) Intercalation as viewed from above, looking on to the outer layer. At stage 14, only outer cells are 
present in the outer layer. By stage 19, CCPs and INCs have intercalated into the outer layer, with ciliated 
cells arranged in a uniform spacing pattern and INCs in a more scattered distribution. Diagrams adapted from 
Stubbs et al, 2006. 
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1.7.2.5 The maturing larval epidermis 
By stage 19, the ciliated cell precursors and the INCs are found within the 
outer layer, adjacent to the original population of cells that have 
differentiated to become secretory cells (Billett and Gould, 1971). These 
secretory cells have an extensive Golgi apparatus and rough 
endoplasmic reticulum that forms a supranuclear arrangement (Billett and 
Gould, 1971). Their key feature is the presence of multiple secretory 
vesicles at the apical membrane that open out to release their content. It 
is these cells that are proposed to be mucus-secreting cells and have 
been termed goblet cells, by analogy to the human mucus-secreting cells 
(Hayes et al., 2007). Ultrastructurally, the material secreted onto the 
epidermis resembles the mucin polymers in the vesicles of goblet cells 
(Hayes et al., 2007), but the mucins at this stage of development have yet 
to be identified.  
 
Once the neural tube has closed (stage 19-21) to signal the end of the 
neurula stage, the embryo extends along its anterior-posterior axis 
developing head and tail structures as it enters the early tailbud stage 
(stage 22-28; (Nieuwkoop and Faber, 1994). In the epidermis, the ciliated 
cell precursors undergo ciliogenesis to extend multiple motile cilia (Figure 
1.6; stage 24), whilst the goblet cells continue to secrete their material. By 
mid-tailbud stages (Figure 1.6; stage 30), the ciliated cells have started to 
beat their cilia in a polarised direction from head to tail (Mitchell et al., 
2007).  The precise function of these beating cilia is unknown but several 
different possibilities have been proposed. These include aiding in 
respiratory gas exchange by continually beating the surrounding water 
and sensing of chemical information about the environment 
(Nokhbatolfoghahai et al., 2006). But the other possibility and the most 
exciting in terms of the use of this system as a model for mucociliary 
clearance, is that the cilia actively transport the secretory material from 
the neighbouring goblet cells in much the same way as the human 
 61 
airways. This remains to be established and will be an important aspect 
to assess if the model system is to be developed further. 
 
By mid/late tailbud stages (Figure 1.6; stage 35), the ciliated cells are still 
beating and the goblet cells secreting their material, but another cell type 
has also been identified in the epidermis. This cell type has characteristic 
features. It is small, with large apical vesicles that open out and secrete a 
mucus-like material onto the surface (Montorzi et al., 2000; Nickells et al., 
1988). These cells have been termed small secretory cells and have 
been proposed to be the equivalent of the INCs, but the evidence for this 
is simply based on the fact that this is the only other cell type that has 
been identified ultrastructurally other than the ciliated cells and goblet 
cells (Hayes et al., 2007). After this stage, the number of ciliated cells on 
the surface begins to decline and by the end of the tailbud stage (Figure 
1.6; stage 40), there are only a few ciliated cells left on the surface 
(Nishikawa et al., 1992). The ciliated cells are believed to undergo 
transdifferentiation into goblet cells at this stage, although how this 
happens is unclear (Nishikawa et al., 1992). 
 
1.7.2.6 Remodelling the epidermis during metamorphosis 
By the time the embryo becomes a tadpole (Figure 1.6; stage 45) and is 
capable of independent feeding, it does not have any ciliated cells and 
instead the tadpole skin consists of the original goblet cells and the small, 
secretory cells (Nickells et al., 1988). It is not known whether there are 
any additional cell types at this stage. Between stages 54 and 66, the 
tadpole undergoes metamorphosis as its tail retracts and limbs start to 
form (Nieuwkoop and Faber, 1994; Tata, 2006). During this period of 
time, the skin is completely remodelled becoming several layers thick and 
losing the epidermal goblet cells (Fox, 1974). 
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1.7.2.7 The adult frog skin 
At stage 66 (Figure 1.6), metamorphosis is complete and the froglet has 
its adult skin. The skin has subepidermal mucous glands that resemble 
the submucosal glands of the human tracheobronchial epithelium (Shih 
and Vanable Jr, 1975). These mucous glands are known to secrete 
mucins (Hoffmann and Hauser, 1993). Three mucins have been identified 
and they are called frog integumentary mucins (FIMs) - FIM-A.1, FIM-B.1 
and FIM-C.1 (Hauser et al., 1990; Hauser and Hoffmann, 1992; Joba and 
Hoffmann, 1997). FIM-B.1 has a very similar domain structure to the 
mammalian mucins (Figure 1.2; (Joba and Hoffmann, 1997). The mucin-
associated peptides, trefoil factors, are also secreted from other glands in 
the skin called granular glands (Hauser et al., 1992).  
 
1.7.2.8 Summary 
In charting the development of the epidermis, there is clearly a period of 
time where the epidermis comprises secretory cells that secrete a mucus-
like substance and ciliated cells. But during this period of time, there is 
also another population of cells called INCs (Stubbs et al., 2006). These 
cells have been proposed to correspond to a cell type called small 
secretory cells (Hayes et al., 2007). However, this is a contentious point 
because the INCs arise in the outer layer of the epidermis at late neurula 
stages (stage 19), whereas the small secretory cells have only been 
observed by electron microscopy at mid-tailbud stages (stage 35; 
(Nickells et al., 1988). Furthermore, it is still unclear exactly what the 
goblet cells or the small secretory cells are secreting. The stages of 
interest for this study are the neurula stages (stages 13-21), where the 
ciliated cells and INCs are specified and the tailbud stages (stage 22-35), 
where the ciliated cells are actively beating and the goblet cells are 
secreting. 
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1.8 What is known about the Xenopus larval epidermal cell 
types? 
Of all the cell types discussed in the larval epidermis of Xenopus, the 
multi-ciliated cells have been by far the best studied. In fact, within the 
last few years, the larval epidermis has become an excellent model for 
studying both ciliogenesis and signalling pathways which involve cilia. 
These are reviewed in this section. The goblet cells have not been 
studied as extensively as the ciliated cells, but there have been some 
reports describing possible molecular markers of this cell type. These are 
also discussed here. As mentioned above, there is an absence of 
information about the function of the INCs and the small secretory cells. 
 
1.8.1 Xenopus epidermal ciliated cells 
1.8.1.1 Ciliogenesis 
In the past few years many studies have identified ciliogenesis factors 
using the Xenopus larval epidermis (Hayes et al., 2007). This includes the 
transcription factor, FoxJ1, which is a master regulator of expression of a 
number of genes required for the formation of motile cilia (Stubbs et al., 
2008). Genes for the radial spokes, the dynein arms and the central 
singlet microtubules are under the control of FoxJ1 in the larval ciliated 
cells (Stubbs et al., 2008). Embryos lacking FoxJ1 are unable to form cilia 
because they lack these crucial components of the axoneme. 
Interestingly, FoxJ1 also regulates ciliogenesis in the human lung 
(Pelletier et al., 1998). This shows how a relatively simple model like the 
Xenopus epidermis can translate directly to human development and 
disease. 
 
Another novel family of ciliogenesis factors recently described using the 
Xenopus ciliated cells are the Septins, which bind to the base of the 
cilium and are responsible for coordinating ciliogenesis (Kim et al., 2010). 
The septins are important scaffolds for the recruitment of other 
ciliogenesis factors and the maintenance of proteins on the axoneme 
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once ciliogenesis has occurred (Barral, 2010; Hu et al., 2010). Septins 
have also been linked to the planar cell polarity pathway using Xenopus 
epidermal ciliated cells as a model (Kim et al., 2010).   
 
1.8.1.2 Cilia and signalling pathways 
The PCP pathway is a conserved signalling network that serves to 
organise and polarise an epithelium or individual cells (Jones and Chen, 
2007). For example, the direction of hair growth and the outgrowth of 
lamellipodia in migrating cells are under the control of the PCP pathway 
(Adler, 2002; Keller, 2002). In Xenopus, one of the core PCP 
components, Dishevelled, is believed to be responsible for translocating 
basal bodies to the apical membrane to initiate ciliogenesis (Park et al., 
2008). Meanwhile the PCP effector proteins, Inturned and Fuzzy are also 
important for ciliogenesis because they act downstream of Dishevelled to 
control formation of the apical actin cytoskeleton (Park et al., 2006). In the 
absence of these factors, basal bodies are unable to locate to the apical 
membrane to undergo ciliogenesis.  
 
In identifying the role of PCP components in ciliogenesis, this led to a 
number of studies looking at how the planar cell polarity pathway instructs 
the orientation of cilia in the Xenopus epidermis. The principle of these 
investigations was that as the PCP components localize to the apical 
membrane and basal bodies, perhaps they are responsible for polarizing 
the cilia both within an individual ciliated cell and across the whole 
epidermis. This polarised orientation of cilia is essential for coordinated 
beating and generation of directional fluid flow. The importance of 
directed fluid flow is evident in the respiratory tract, where cilia must beat 
in a polarised direction (towards the pharynx) in order to clear mucus 
(Sleigh et al., 1988). Studies using Xenopus have shown that Dishevelled 
is important in orientating the basal bodies in a single direction within a 
ciliated cell (Mitchell et al., 2007), whilst other core PCP proteins, Vangl2 
and Frizzled are important in ensuring that all ciliated cells orient their 
cilia in the same direction across the whole epidermis (Mitchell et al., 
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2009). In an extension of the role for the PCP pathway in pre-patterning 
the orientation of cilia, it has also been shown, using the Xenopus 
epidermis, that directed fluid flow is optimised and refined by the sensing 
and response of cilia to fluid flow (Mitchell et al., 2007). The idea is that 
planar polarity signalling first orientates the cilia in approximately the right 
direction so that when the cilia begin to beat, the fluid flow is in this 
direction and the cilia then sense this flow and align their basal bodies in 
exactly the same direction to optimise the fluid flow. This is an example of 
a positive feedback loop. A similar mechanism has also been shown for 
the ependymal ciliated cells of the brain (Guirao et al., 2010; Mirzadeh et 
al., 2010). 
 
Recently, another signalling pathway has also been implicated in ciliated 
cell development using the Xenopus model (Neugebauer et al., 2009). 
This study showed that fibroblast growth factor (FGF) signalling is 
important in controlling cilia length and the authors propose that of the 
many diseases associated with FGF signalling some could be due to 
defective cilia.  
 
Irrespective of the details, what all of these studies have shown is the 
power of this simple model organism to study basic mechanisms that can 
have applications in many other vertebrates, including humans.  
 
1.8.2 The epidermal mucus-secreting ‘goblet’ cells 
The composition of the secretory material in these cells has not properly 
been established. It has been assumed that they secrete mucus (Billett 
and Gould, 1971), possibly because the adult organism is known to 
(Hoffmann and Hauser, 1993). But there has not been any report 
identifying expression of mucins in these cells. Early EM studies did 
describe a ‘mucoid-like’ substance being secreted from the surface cells, 
but did not identify its properties (Billett and Gould, 1971). Only two 
components of these secretory vesicles have been identified, but neither 
of them are mucins. The first component identified was the 
glycosaminoglycan (GAG), chondroitin-6-sulphate or C6S (Nishikawa et 
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al., 1992). GAGs are mucopolysaccharides that are unbranched chains of 
repeating disaccharide units. C6S is one of the most prevalent GAGs and 
it attaches to proteins to form proteoglycans, usually in connective tissue. 
It is not known which protein C6S is attached to in the epidermal goblet 
cells (Nishikawa and Sasaki, 1993). Meanwhile, the other component is a 
lectin called Xenopus embryonic epidermal lectin, Xeel (also called 
Intelectin-2; (Nagata et al., 2003). This lectin was shown by immuno-EM 
and western blot to be present in the secretory vesicles and to be 
secreted from the epidermis (Hayes et al., 2007; Nagata, 2005). 
Interestingly, both chondroitin sulphate proteoglycans and intelectin-2 
have been found to be a component of mucus in other systems. GAGs 
have been shown to be present in human airway secretions and C6S 
proteoglycans are present in the sputum of cystic fibrosis patients (Khatri 
et al., 2003; Monzon et al., 2006). Intelectin-2 is believed to have 
antimicrobial properties and has been found in the human airways and 
sheep intestinal goblet cells (Carolan et al., 2008; French et al., 2007). 
Together these elements suggest that mucus could be secreted from the 
larval epidermis, but are not evidence for the existence of mucus. 
 
 
1.9 Aims and objectives 
The mucociliary epidermis of Xenopus larvae could be a very powerful 
model system to recreate the mucociliary clearance mechanisms in the 
human airways, but there are several aspects that require clarification 
before this is possible. This is the main objective of this thesis. The thesis 
is split into two main areas: 
 
1) Identification and characterization of the INCs 
These cells have been shown to intercalate alongside ciliated cells during 
development, but they are completely uncharacterised. Specific aims are 
to: 
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• Identify markers to the INCs and use them in combination with 
markers of ciliated cells and goblet cells to see whether this 
completes the identification of all cell types in the epidermis. 
• Test whether the INCs are equivalent to the small secretory cells 
• Investigate the development of INCs in the epidermis and how 
their presence is regulated 
• Use knockdown by morpholino injection to deplete the INCs from 
the epidermis and observe the impact on the mucociliary 
epithelium 
 
 
2) Testing for the secretion of mucus from the epidermis 
If the larval epidermis is indeed a mucociliary epithelium then it should 
secrete mucus (and mucins) onto the surface. This has not been 
experimentally confirmed as yet. Specific aims are to: 
 
• Test for the presence of mucins using known biochemical tests 
and antibodies for mammalian mucins 
• Purify secretions from the epidermis and determine by mass 
spectrometry whether they contain mucins 
• Test for the specific localization of mucin expression in the goblet 
cells of the epidermis 
 
 
The results are divided into four chapters. Chapter 3 uses markers and 
ultrastructural analysis by electron microscopy to identify the INCs in the 
epidermis. Chapter 4 looks at how the development of the INCs in the 
epidermis is controlled. In Chapter 5, a morpholino is employed to deplete 
the INCs from the epidermis and test the impact of their loss on the 
mucociliary epidermis. Chapter 6 investigates the presence of mucins 
secreted from the epidermis. The final chapter is a discussion of all the 
results and includes an evaluation of the larval epidermis of Xenopus as a 
model organism for mucociliary epithelia. 
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Chapter 2 Materials and Methods 
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2.1 Xenopus nomenclature 
In this thesis, the standard nomenclature for Xenopus gene and protein 
names is used. This is lowercase and italicised for genes and lowercase 
without italics for proteins. Guidelines for gene and protein names can be 
found on the Xenbase website as follows: 
 
http://www.xenbase.org/gene/static/geneNomenclature 
 
2.2 Collection of Xenopus tropicalis embryos 
To obtain Xenopus tropicalis embryos, ovulation was induced in adult 
females through injection of hormone as described in (Khokha et al., 
2002). In summary, 24 hours prior to obtaining embryos, males and 
females were injected with Pregnant Mare Serum Gonadotropin (PMSG, 
10-15 units). Three to four hours before harvesting embryos, frogs were 
injected with human Chorionic Gonadotropin (hCG, 100-150 units). To 
obtain fertilised embryos, males and females were combined in a single 
tank and allowed to mate naturally. Embryos were harvested from the 
bottom of the tank by application of 2% cysteine (v/v in 0.1x Marc’s 
Modified Ringers (MMR) solution) to remove the maternal jelly coat and 
release the embryos. Embryos were then cultured in 0.01x MMR (0.1M 
NaCl, 2 mM KCl, 1 mM MgSO4, 2 mM CaCl2, 5 mM HEPES, 0.1 mM 
EDTA) on 1% agarose-coated dishes until the developmental stage 
needed. Embryos were harvested every 20-30 minutes to ensure that 
one-cell stage embryos could be obtained for microinjection. Embryos 
were staged in accordance with the standard table of development 
(Nieuwkoop and Faber, 1994).   
 
2.3 Fixation 
Prior to both antibody staining and in situ hybridization, embryos were 
fixed in MEMFA (0.1M MOPS pH 7.4, 2mM EGTA, 1 mM MgSO4, 3.7% 
formaldehyde) for one hour and then rinsed and stored at -20°C in 100% 
methanol. For later stage embryos, tricaine (0.1 mg/ml, Sigma) was 
applied to anaesthetise the embryos prior to fixation. For phalloidin 
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staining, embryos were fixed in phalloidin fix (3.7% paraformaldehyde, 
0.25% glutaraldehyde, 0.1% Triton in PBS). More elaborate fixation 
protocols were needed for scanning and transmission electron 
microscopy (see sections 2.19 and 2.20). 
 
2.4 Generation of RNA probes 
For in situ hybridization, antisense RNA probes directed against individual 
genes were made by in vitro transcription using epitope labelled uridine 
triphosphate (UTP). The epitopes used were digoxygenin (DIG) 
fluoroscein isothiocyanate (FITC) and dinitrophenol (DNP) conjugated to 
UTP (Roche). For fluorescent in situ hybridization of more than one gene, 
two or more of the labelled probes were used. The probes were derived 
from genes identified in the Xenopus tropicalis EST database (Gilchrist et 
al., 2004). All of the EST clones in the database were cloned into the 
pCS107 vector, linearised upstream of the gene and transcribed using T7 
RNA polymerase (Promega). For details of the clone names for each of 
the genes and the restriction enzymes used to linearise them, see Table 
2.1. 
 
Plasmid DNA (5 µg) containing the individual genes was linearised with 
the chosen restriction enzyme in a 100 µl reaction. The linearised DNA 
was then purified by twice extracting in phenol:chlorofom:Isoamyl alcohol 
(25:24:1) and once in chloroform. The DNA was then precipitated in 
ethanol by adding a 1/10 volume 3M sodium acetate pH 5.2 and 2.5x 
volume of ethanol. The mix was incubated at -20°C for 20 minutes and 
then centrifuged at 13, 000 rpm for 10 minutes. The DNA pellet was 
washed in 70% ethanol and centrifuged again for five minutes before the 
pellet was air-dried and resuspended in 30 µl nuclease-free water. 
 
For transcription of the antisense probes, the linearised template DNA (30 
µl) was combined with 5x transcription buffer (10 µl, Promega), epitope 
conjugated RNA labelling mix (2.5 µl, Roche), RNAse inhibitor (0.5 µl, 
Roche) and T7 RNA polymerase (4 µl, Promega). The reaction mix was 
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incubated for 2 hours at 37°C before terminating by addition of 1mg/ml 
RNAse free DNAse (1 µl, Roche) and incubating for a further 10 minutes. 
The transcribed probe was purified on a micro Bio-spin column (BioRad), 
ethanol precipitated and the resultant pellet was resuspended in 100 µl 
DEPC-treated water. The probe was diluted in hybridization buffer (50% 
formamide (Ambion), 5x SSC, 1mg/ml Torula RNA, 100 µg/ml heparin, 1x 
Denharts) to 1 µg/ml and this was used for in situ hybridization. 
 
 Table 2.1 Genes used to make RNA probes 
 
Gene Name EST clone Linearised with 
α-1-tubulin TNeu122k16 BamHI 
v1a TTpA014f09 ClaI 
v1g TTpA033b12 ClaI 
v0d TNeu100k18 ClaI 
slc26a4 TTbA078m21 ClaI 
mct4 TEgg054k10 ClaI 
ca12 TEgg122a02 HindIII 
otog THdA045k18 ClaI 
foxi1e TNeu069d21 ClaI 
muc2a TEgg014m21 ClaI 
muc5e TTbA069h06 HindIII 
  
 
2.5 In situ hybridization 
In situ hybridization was performed largely as described (Harland, 1991). 
In summary, embryos stored in methanol were progressively rehydrated 
into PBS-Tween (0.1% Tween-20 (v/v)). The embryos were Proteinase K 
(5 µg/ml, Roche) treated for ten minutes and then washed twice in 0.1M 
triethanolamine (TEA). Acetic anhydride (12.5 µl, Roche) was added to 
the last wash with TEA and incubated for five minutes at room 
temperature. More acetic anhydride (12.5 µl) was added and left for 
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another five minutes. Embryos were rinsed twice in PBS-Tween and then 
re-fixed in 4% formaldehyde (in PBS-Tween) for twenty minutes at room 
temperature. Following five washes in PBS-Tween, the embryos were 
equilibrated in hybridization buffer and pre-hybridized for four hours at 
60°C. RNA probes diluted in hybridization buffer were then added to the 
embryos and left to hybridize overnight at 60°C.  
 
The next day, the probes were removed from the embryos (to be re-used) 
and the embryos washed in 2x SSC for twenty minutes at 60°C. This step 
was repeated three times. The embryos were then treated with an RNAse 
mix to remove any RNA that was not bound to probe. The RNAse mix 
was made in 2x SSC and included RNAse A (20 µg/ml, Sigma) and 
RNAse T1 (10.5 units/ml, Sigma). RNAse treatment was undertaken for 
30 minutes at 37°C. The embryos were then washed in series in 2x SSC 
at room temperature (10 minutes) and twice in 0.2x SSC at 60°C for thirty 
minutes each. After two washes in 1x MAB (100 mM maleic acid, 150 mM 
NaCl; 10 minutes each), the embryos were blocked for one hour at room 
temperature in 1x MAB + 2% BMB blocking reagent + 20% heat-treated 
lamb serum (HTLS, Sigma). Antibodies to DIG (1:2000), FITC (1:5000) or 
DNP (1:2000) were then applied to the embryos at the dilutions stated (all 
Roche). The antibodies were conjugated to alkaline phosphatase. The 
antibody was incubated for 4 hours at room temperature. Embryos were 
thoroughly washed in 1xMAB (3 x 5 minutes) and then left in 1x MAB at 
4°C overnight. 
 
On the final day, embryos were equilibrated in alkaline phosphatase (AP) 
buffer (100 mM Tris pH 9.5, 50 mM MgCl2, 100 mM NaCl, 0.1% Tween-
20) by washing twice for five minutes each. The chromogenic substrate, 
NBT/BCIP (Roche), was then added to the embryos to react with the 
alkaline-phosphatase conjugated antibodies bound to the probes. To 
make the substrate, 4.5 µl NBT (75 mg/ml) and 3.5 µl BCIP (50 mg/ml) 
were combined per ml of AP buffer. The chromogenic reaction was 
carried out in the dark and once the colour had developed sufficiently, the 
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enzyme was inactivated by addition of 50% methanol (five minutes) and 
then 100 % methanol (thirty minutes).  
 
2.6 Fluorescent in situ hybridization 
For fluorescent in situ hybridization (FISH), the same protocol was 
followed as for standard in situ hybridization, but with the following 
modifications. After application of the probes (one or more) and post-
hybridization washes (in 2x SSC), endogenous peroxidase activity of the 
embryos was inactivated by incubation with 3% H2O2 for twenty minutes. 
The antibodies used to detect the probes were conjugated to peroxidase 
(POD) and the signal was detected using a tyramide signal amplification 
(TSA) kit (Perkin-Elmer). For a single probe, anti-DIG-POD (1:1000, 
Roche) was used to recognise the probe and embryos were equilibrated 
in amplification buffer before Cy3-based tyramide amplification (substrate 
1:100 in amplification buffer) was employed for thirty minutes to generate 
a fluorescent signal. For double FISH, the probes were added at the 
same time (i.e. DIG probe and FITC probe), but the antibodies and signal 
amplification reactions were carried out sequentially. Between each 
addition of antibody, the previous antibody needed to be inactivated with 
3% H2O2. The anti-FITC-POD antibody (Roche) was added at a dilution 
of 1:500. For triple FISH, probes conjugated to DIG, FITC and DNP were 
all used. The anti-DNP antibody (Roche) was used at a dilution of 1:500. 
For triple FISH, three different substrates were used; Cy3-based TSA, 
Cy5-based TSA and fluorescein-based TSA (all Perkin-Elmer). 
 
2.7 Bleaching after in situ hybridization 
After chromogenic in situ hybridization, it was necessary to bleach 
embryos in order to remove pigment that interfered with the clarity of the 
signal. Embryos were rehydrated in PBS and bleached in 10% H2O2 
(Sigma) at room temperature for up to two hours. Embryos were then 
rinsed in PBS and put in MEMFA for long-term storage. 
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2.8 Generating Antibodies 
Antibodies to ca12 and foxi1e were generated by Cambridge Research 
Biochemicals (CRB). The foxi1e antibody was a peptide antibody, whilst 
the ca12 antibody was generated against a portion of the protein unique 
to this carbonic anhydrase. 
 
The foxi1e antibody was generated against a highly antigenic region of 
the foxi1e protein. The peptide was synthesised by CRB and then this 
peptide was immunised into rabbits to generate antiserum. The sequence 
of the peptide was as follows: NH2-LGNSSPGTDDSSEKRSPP-COOH. 
After the anti-serum was generated, it was affinity purified directly against 
the peptide by CRB. 
 
For the ca12 antibody, a part of the ca12 protein was cloned into the 
pMal-c2x vector (New England Biolabs). Residues 21-155 of the ca12 
protein (see Figure 3.4) were cloned downstream of the maltose binding 
protein (MBP). A fragment of the ca12 gene corresponding to the region 
of interest in the protein was cloned by PCR cloning using specifically 
designed primers (see Section 2.13). The fragment of the ca12 gene was 
cloned into pMal-c2x vector, in-frame with the MBP tag so that a fusion 
protein could be generated. The full-length EST clone for ca12 (Table 
2.1) was used as a template for PCR. 
 
2.8.1 Generating MBP-ca12 fusion protein 
The pMal-c2x-ca12 construct was transformed into competent bacterial 
cells (Rosetta cells, Novagen) and selected on an ampicillin-seeded (100 
µg/ml) LB plate. A colony was picked into 10 ml LB-Amp (100 µg/ml) and 
incubated overnight at 37°C. The overnight inoculate was first transferred 
to 200 ml LB-Amp and then to a 1 L culture seeded with 0.2% glucose. 
The 1 L culture was grown to a density of 2 x 108 cells/ml (A600 = 0.5). To 
induce expression of the fusion protein, Isopropyl β-D-1 
thiogalactopyranoside (IPTG, Roche) was added to a concentration of 0.3 
mM. The culture was incubated for three hours at 37°C. The culture was 
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then centrifuged at 4000xg for 20 minutes to isolate the cell pellet. The 
supernatant was removed and the pellet was resuspended in 100 ml 
column buffer (20 mM Tris pH 7.5, 200 mM NaCl, 1 mM EDTA). After 
centrifuging again, the pellet was resuspended in a cocktail of protease 
inhibitors (Complete tablet, Roche), 10 µM phenylmethylsulfonylfluoride 
(PMSF, Sigma) and 100 µg/ml lysozyme (Sigma) in column buffer. The 
resuspended cells were then frozen overnight at -20°C. 
 
On the final day, the cells were defrosted slowly on ice and then 
sonicated to break open the membranes and release the cellular content. 
The cells were sonicated 4 x one minute at 40% amplitude, with a one-
minute recovery step between each sonication. The sonicated samples 
were then centrifuged at 5000xg for one hour and the crude extract was 
decanted from the cellular debris. To extract the fusion protein from the 
other proteins, the crude extract was mixed with amylose resin for two 
hours at 4°C so that the MBP tag would bind to the amylose. 
 
The crude extract and amylose resin mix was then loaded onto a column 
(BioRad). The flow-through was collected and then reloaded to ensure all 
fusion protein was bound. The column was washed several times with 
column buffer to remove any unbound proteins and then proteins were 
eluted by addition of 10 mM maltose (in column buffer). Ten fractions (1 
ml each) were taken to ensure all the fusion protein was removed. 
Aliquots of each fraction were taken and run on SDS-PAGE gels to look 
for fusion proteins.  
 
To purify the MBP-ca12 band from other non-specific bands, all the 
positive fractions were combined, run on a large SDS-PAGE gel and 
band purifed. The band was cut into small slices and placed in dialysis 
tubing for electroelution. For electroelution, the fusion protein was 
electrophoresed (at 110 mA) out of the gel and onto the inner wall of the 
dialysis tubing. To elute the fusion protein back off the inner wall, the 
direction of the current was reversed for 30 minutes and then the protein 
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was simply decanted out of the dialysis tubing. The protein was then sent 
to CRB for immunisation into rabbits. The crude serum was tested and 
proved positive for ca12. Affinity purification was carried out by CRB, but 
was unsuccessful as judged by comparative immunofluorescence with 
the crude serum. The crude extract was used in this study. 
 
2.9 Antibody staining 
Wholemount antibody staining was performed on MEMFA-fixed and 
methanol post-fixed embryos. Embryos were rehydrated in 50% 
methanol:50% BBT (PBS-Triton-X-100 + 5% (w/v) BSA) for five minutes 
and then washed twice in BBT for one hour each. The embryos were then 
blocked for one hour in BBT + 5% HTLS before addition of the primary 
antibody overnight at 4°C. If double antibody staining was being 
performed, two primary antibodies were added at this point. For details of 
the primary antibodies used in this study, see Table 2.2 below. On the 
second day, primary antibodies were removed by washing in BBT (4 x 1 
hour) and the embryos were blocked again in BBT + HTLS. Secondary 
antibodies conjugated to Alexa Fluor 488, Alexa Fluor 568 and Alexa 
Fluor 647 (all Molecular Probes, Invitrogen) were used according to the 
species of primary antibody being recognised. All secondary antibodies 
were used at a dilution of 1:500. The embryos were incubated with 
secondary antibody overnight at 4°C.  
 
Before imaging, embryos were washed for one hour in BBT and then 3x 1 
hour in PBS-Tween (0.1%). Embryos were imaged in a glass-bottomed 
dish (MatTek Corporation) using an inverted confocal microscope 
(Olympus Fluoview, FV-1000). Image settings were kept at the same 
levels for control and experimental samples. No primary antibody controls 
were used to ensure specificity of secondary antibody fluorescence. 
 
For phalloidin staining, embryos were not post-fixed in methanol because 
methanol can disrupt actin polymers during fixation. Phalloidin conjugated 
to Alexa Fluor 488 (1:40, Invitrogen) was incubated with the embryos 
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overnight. All the wash steps were the same as for the standard antibody 
staining protocol. To stain nuclei after antibody staining, 4’,6-diamidino-2-
phenylindole (DAPI, Sigma) was incubated with the embryos for five 
minutes at a dose of 5 mg/ml. 
 
 Table 2.2 Primary antibodies for immunofluorescence 
 
Antibody Species Dilution Obtained from 
Anti-Ac αTub mouse 1:1000 Sigma 
Anti-ca12 rabbit 1:1000 Made (CRB) 
Anti-v1a rat 1:500 Gift (Dr. Hirose, Tokyo, Japan) 
Anti-v1a rabbit 1:1000 Gift (Dr. Tanaka, Shizuoka, Japan) 
Anti-ZO-1 rabbit 1:200 Zymed 
Anti-xeel mouse 1:1000 Gift (Dr. Nagata, Tokyo, Japan) 
Anti-foxi1e rabbit 1:1000 Made (CRB) 
Anti-MUC5AC* rabbit 1:1000 Gift (Dr. Thornton, Manchester, UK) 
Anti-AWM** rabbit 1:1000 Gift (Dr. Thornton, Manchester, UK) 
   
*anti-MUC5AC was generated against the following peptide sequence: 
RNQDQQGPFKMC 
**anti-AWM (asthma whole mucins) is a general mucin antibody that recognises several 
different mucins and several different epitopes on the mucins. 
 
2.10 Antibody staining after in situ hybridization 
For antibody staining after in situ hybridization, embryos were rehydrated 
stepwise into BBT following the chromogenic reaction and then the 
standard antibody staining protocol was followed. For antibody staining 
after FISH, embryos were simply transferred into BBT following the final 
tyramide signal amplification step. The proteinase K treatment step in in 
situ hybridization was removed if followed by antibody staining.   
 
2.11 Cryosectioning 
Embryos were sectioned following wholemount in situ hybridization 
and/or antibody staining. Pre-neurula stage embryos were embedded in 
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15% fish gelatin solution (15% cold water fish gelatin (Sigma): 15% 
sucrose (w/v)). Post-neurula stage embryos were embedded in 25% fish 
gelatin solution (25% cold water fish gelatin (Sigma), 15% sucrose (w/v)). 
Embedded samples were placed in moulds and frozen on dry ice in 
preparation for cryosectioning.  
 
For cryosectioning, blocks were removed from the mould and placed in 
the cryostat. Sections were 12 µm thick. Sections were transferred onto 
polylysine-coated glass slides (BDH), dried and the fish gelatin was 
removed by washing in acetone. To preserve the sections, samples were 
mounted in Mowiol (Polysciences) for antibody stained sections or 90% 
glycerol (for in situ samples) and sealed with coverslips. 
 
2.12 SDS-PAGE and western blot 
Polyacrylamide gel electrophoresis was used to check for the presence of 
protein in the generation of the ca12 antibody and western blotting was 
used to show expression of foxi1e-HA in HeLa cells and exogenous 
knockdown of foxi1e-HA in embryos. 
 
2.12.1 Transfection and obtaining HeLa cell lysate 
Following transfection of pCS2-foxi1e-HA into HeLa cells (60% 
confluency) according to manufacturers instructions (Lipofectamine-2000, 
Invitrogen), cells were washed in PBS and scraped using cell lysis buffer 
(50 mM Tris-acetate pH 7.5, 300 mM NaCl, 1 mg/ml BSA, 2% NP-40, 1 
mM EDTA, Complete (Roche) protease inhibitors). Cells were rotated for 
10 minutes at 4°C, followed by centrifugation at 13,000 rpm in a benchtop 
centrifuge (Eppendorf). Supernatant was collected for loading onto gels. 
 
2.12.2 Obtaining embryonic lysate 
To obtain embryonic lysate, embryos frozen at -80°C were homogenised 
in lysis buffer (10 µl per embryos; 150 mM NaCl, 50 mM Tris-HCl pH 7.5, 
0.5% NP-40, 5 mM EDTA, 5 mM EGTA) and protease inhibitors 
(Complete protease inhibitor, (Roche) and 1 mM PMSF). The mix was 
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incubated on ice for five minutes and then centrifuged at top speed for 10 
minutes at 4°C to obtain the lysate.  
 
2.12.3 SDS-PAGE 
Before loading the PAGE gel, proteins in the cell or embryonic lysate 
were reduced with 100 mM dithiothreitol (DTT) and 4x sample buffer 
(0.25 M Tris-HCl pH 6.8, 8% SDS, 4% glycerol, 0.08% bromophenol blue) 
was added. Proteins were denatured by boiling (100°C) for five minutes 
prior to loading the gel. The samples were loaded on a 10% 
polyacrylamide gel and submerged in electrophoresis buffer (25 mM Tris-
HCl pH 8.3, 190 mM glycine, 0.1% (w/v) SDS). Electrophoresis was 
carried out at 120 V for up to 2 hours. 
  
2.12.4 Coomassie blue staining 
To visualise all protein bands, the polyacrylamide gel was stained with 
coomassie blue for one hour and then destained in destaining solution (-
H2O:methanol:acetic acid, 8:1:1). The gel was then rehydrated and dried 
onto filter paper (Whatman) using a vacuum dryer (3 hours at 60°C).  
 
2.12.5 Western blot 
For western blot, polyacrylamide gels were transferred onto polyvinylidine 
fluoride (PVDF) membranes by soaking in transfer buffer (electrophoresis 
buffer + 20% methanol) and using a semi-dry transfer system (Hoefer). 
To transfer the protein onto the PVDF membrane a current of 1mA/cm2 
was applied for one hour. To detect specific proteins, the membranes 
were blocked in blocking buffer (5%, w/v, milk powder in 0.1% PBS-
Tween) for one hour at room temperature and then primary antibodies 
were applied (diluted in blocking buffer). The membranes were incubated 
with primary antibody overnight at 4°C and then washed the next day in 
PBS-Tween (3x 10 minutes). Secondary antibodies conjugated to 
horseradish peroxidase (HRP) were diluted in PBS-Tween and then 
applied for one hour at room temperature. The membranes were then 
washed in PBS-Tween (3 x 10 minutes) to remove any unbound 
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secondary antibody. The chemiluminescence reagent (GE Healthcare) 
was applied to detect HRP activity. Any signal generated was detected on 
photographic film (Kodak). 
 
If more than one antibody was to be used on a single membrane, 
stripping buffer (Restore, Thermo Scientific) was applied after the first 
detection and then the membrane was re-probed with the second 
antibody. For details of the primary and secondary antibodies used in this 
study, see Table 2.3 
 
 Table 2.3 Antibodies for western blot 
 
Primary Antibody Secondary Antibody 
Rat anti-HA-HRP (Roche) 
1:1000 
n/a 
Rabbit anti-foxi1e (CRB) 
1:500 
anti-rabbit-HRP (Sigma) 
1:20,000 
Mouse anti-α-tubulin (Sigma) 
1:5000 
anti-mouse HRP (Roche) 
1:2000 
 
 
2.13 Cloning 
Cloning was used to generate pMal-c2x-ca12 and pCS2-foxi1eHA 
constructs. Both of these constructs were generated by PCR cloning of 
the region of interest. Constructs were propagated by transformation into 
competent bacterial cells and purified by extraction methods as follows. 
 
2.13.1 PCR 
Primers (Eurogentec) were designed at the 5’ and 3’ ends of the region of 
interest for each gene (Table 2.4). The EST clones in Table 2.1 were 
used as template DNA for PCR. For ca12, the forward primer had the 
XbaI site designed into it, whilst the reverse primer had the HindIII site 
present. For foxi1e, restriction sites for ClaI and XbaI were incorporated 
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into the forward and reverse primers, respectively. For foxi1e cloning, the 
HA tag sequence was also incorporated into the reverse primer 
immediately upstream of the stop codon to generate a C-terminal tag on 
the protein. The programme Primer 3.0 was used to design the primers.  
 
 Table 2.4 Cloning Primers 
 
Gene Forward primer Reverse Primer 
ca12 
 
5’- TAT TAT TCT AGA CAT GGC 
TGG GCG TAC ATT GGA ACC 
AAA -3’ 
5’- TAT TAT AAG CTT TCA TGA 
TTC CTT CAT GGC GGT GGT 
GAT AT -3’ 
foxi1e-HA 
 
5’-TAT TAT ATC GAT ATG AGT 
GCA TTT GAT CCA CAG GCA 
CAC -3’ 
5’- TAT TAT TCT AGA TTA AGC 
GTA GTC TGG GAC GTC GTA 
TGG GTA TAC TTC TGT GCC 
CTC TCT GTT ATA-3’ 
 
 
Using the template DNA and primers, PCR products for each gene was 
generated according to the following PCR protocol. 
 
Reaction mix (50 µl): 
 
10x Pwo buffer (5 µl) 
50 ng/µl template DNA (1 µl) 
100 µM fwd primer (0.5 µl) 
100 µM rev primer (0.5 µl) 
10 mM dNTPs (1 µl) 
Pwo polymerase (0.5 µl) 
ddH2O (41.5 µl) 
 
Thermocycling protocol: 
 
Initial Denaturation - 95°C for 2 mins 
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25 cycles of: 
Denaturation - 95°C for 30 secs 
Annealing - 55°C for 15 secs 
Elongation - 72°C for 1 min 
 
Final Elongation - 72°C for 8 mins 
 
A small aliquot of the final product was checked for size by agarose gel 
electrophoresis (1% agarose in TAE (Tris base, acetic acid, EDTA)). 
 
2.13.2 Generating constructs 
PCR products and vectors were digested with the chosen restriction 
enzymes for each gene.  
 
Ligation reaction (10 µl): 
PCR product 
Plasmid 
10x Ligase buffer (1 µl, NEB) 
T4 DNA ligase (1 µl, NEB) 
ddH2O (to 10 µl) 
 
A molar ratio (5:1) of insert:plasmid was used in each case. The ligation 
reaction was left overnight at 16°C. 
 
2.13.3 Bacterial Transformation 
The ligation mix was transformed into competent cells (Invitrogen) by 
heat shock. In summary, the mix was applied to the cells, left on ice for 
20 minutes and then heat shocked at 42°C for 90 seconds, before 
returning to ice. The culture was incubated for 1 hour at 37°C (in SOC 
media, Invitrogen) and the bacteria plated on LB plates (seeded with 
ampicillin for selection). 
 
2.13.4 Plasmid Propagation and Preparation 
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To increase the amount of plasmid construct, clones were picked from 
LB-AMP (100 µg/ml) plates and grown in LB-AMP solution overnight. To 
extract the plasmid DNA, maxipreps (Qiagen) were carried out according 
to manufacturers guidance. The resultant purified plasmids were 
sequenced to check for the presence of the insert (PCR product) using 
the in-house sequencing facility (University of Manchester). 
 
2.14 In vitro RNA transcription 
Used to generate foxi1e-HA RNA for overexpression and β-galactosidase 
RNA as a lineage tracer. 
 
The pCS2-foxi1e HA construct was linearised downstream of the stop 
codon using NotI and then transcribed using the SP6 RNA polymerase 
(Promega). In summary, DNA (10 µg) was linearised and then Proteinase 
K (25 mg/ml) was added to destroy the restriction enzyme (30 mins at 
60°C). The linearised DNA was twice extracted in phenol-chloroform, 
before a final extraction in chloroform. The aqueous phase was removed 
and ethanol precipitated to harvest the linearised DNA pellet. The pellet 
was washed in ethanol, air-dried and resuspended in nuclease-free water 
at a concentration of 1 µg/µl. 
 
The RNA transcription reaction was carried out on the linearised DNA 
using the mMessage mMachine kit (Ambion). The reaction mix was as 
follows: 
 
10x Transcription buffer (2 µl) 
2x NTP mix (10 µl) 
1 µg/µl linearised DNA (1 µl) 
RNase inhibitor (0.5 µl) 
SP6 RNA polymerase (2 µl) 
H2O (4.5 µl) 
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The reaction mix was incubated at 37°C for 2 hours before termination by 
addition of RNase-free DNAse I (10 minutes at 37°C) and ammonium 
acetate stop solution (Ambion). The RNA was extracted by phenol-
chloroform and chloroform alone, as before. To precipitate the RNA, 
isopropanol was added and the mix was incubated at -20°C for one hour. 
The mix was then centrifuged at top speed for 10 minutes and the RNA 
pellet resuspended in DEPC-treated water to a stock concentration of 1 
µg/ml. The RNA was stored at -80°C. 
 
2.15 Morpholinos 
All morpholinos were designed and synthesised by Gene Tools. A 
morpholino control (MOC) designed against the mutated β-globin gene in 
thalassemia sufferers was used as a comparison with morpholinos 
specifically designed against target genes. This morpholino control has 
been shown to have no specific target in Xenopus tropicalis. Table 2.5 
shows the sequences of the morpholinos used in this study. 
 
 Table 2.5 Sequences of morpholinos  
 
Morpholino Sequence 
foxi1e ATG MO 
 
5’-GTGCCTGTGGATCAAATGCACTCAT-3’ 
foxi1e splice MO 
 
5’-AATGAATGGTTTTTACCTGGATCAT-3’ 
v1a splice MO 
 
5’-CTTGGGCAGTTTGGAGAAATCCATC-3’ 
 
ca12 splice MO 
 
5’-TATTCGGGTTTTAAATTACCTCTCC-3’ 
Morpholino control (MOC) 5’-CCTCTTACCTCAGTTACAATTTATA-3’ 
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2.16 Morpholino and RNA microinjections 
Morpholinos were used at a dose of 20 ng, unless otherwise stated. RNA 
for foxi1e-HA and β-galactosidase were used at a dose of 250 pg. For 
microinjection, a volume or 1 or 2 nl was injected into embryos at either 
the 1 or 2-cell stage. To check for the lineage marker, β-galactosidase, X-
Gal staining was performed on the embryos as follows. 
 
X-Gal staining 
After reaching the required stage of development, embryos were fixed in 
MEMFA for one hour and then washed in 0.1 M sodium phosphate buffer, 
pH 6.2. The buffer was replaced with 15% X-Gal (in dimethylformamide, 
DMF, Sigma) dissolved in β-galactosidase solution (0.165 g potassium 
ferricyanide, 0.211 g potassium ferrocyanide in 0.1 M sodium phosphate 
buffer (50 ml)) and incubated at 37°C (30 minutes to 2 hours) until colour 
signal appeared. The reaction was stopped by washing in sodium 
phosphate buffer and then embryos were dehydrated into methanol for 
subsequent storage prior to in situ hybridization. 
 
2.17 RNA extraction from embryos 
RNA was harvested from embryos using the Trizol method of extraction. 
RNA was extracted in order to test for knockdown of specific genes by 
RT-PCR (see below). 
 
In summary, RNA was extracted from 1-10 embryos by snap freezing (at 
-80°C) and homogenising with a tissue grinder. During homogenisation, 
the embryos were kept on dry ice. Trizol (Invitrogen) was then applied to 
the embryos and vortexed. Note that the Trizol has a low pH for ensuring 
extraction of RNA into the aqueous phase, rather than DNA. After five 
minutes incubation at room temperature, the RNA was extracted with 
chloroform and then repeated again. Isopropanol (1 hour at -20°C) was 
used to precipitate the RNA and the pellet was dissolved in nuclease-free 
water (Ambion). A Nanodrop (Thermo Scientific) was used to determine 
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the concentration of the RNA and some of the RNA was run on an 
agarose gel to check its quality. 
 
 
2.18 Semi-quantitative RT-PCR 
Using the RNA extracted from embryos, reverse transcription was carried 
out to generate cDNA for all the mRNAs harvested. This was done using 
random nonamer primers and the reverse transcriptase enzyme, AMV-RT 
(Roche). In summary, 1 µg RNA was combined with the random nonamer 
primers (5 µM) and water to a volume of 14 µl. The mix was incubated at 
70°C for 10 minutes and then combined with the reverse transcription 
materials as follows. 
 
5x RT buffer (4 µl) 
10 mM dNTPs (1 µl) 
RNase inhibitor (0.5 µl) 
AMV-RT (0.5 µl) 
 
The resulting reaction mix (20 µl) was incubated at 42°C for one hour and 
then heat inactivated at 99°C for 5 minutes. 
 
The total cDNA amplified by reverse transcription was then used to test 
for the presence of specific genes by PCR using primers designed 
against the genes of interest. Forward and reverse primers were 
designed within the foxi1e, v1a and ca12 genes (see Table 2.6 for 
details). Primers to the ubiquitously expressed gene, ornithine 
decarboxylase (odc), were used as a control. PCR was carried out using 
the protocol outlined in the Cloning section. The resulting PCR products 
were run on agarose gels. Comparisons were made between gene 
products extracted from control-treated embryos and those extracted 
form embryos treated with a target gene specified splice morpholino. 
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 Table 2.6 Primers for RT-PCR 
 
Target Forward primer Reverse primer 
foxi1e 
 
5’-ACA AGA GCA AAG 
CTG GAT GG-3’ 
5’-TTT CTG CGG AAG 
TTT CCA TT-3’ 
v1a 
 
5’-CCC AAG CTC ATA 
GAC GAG GA-3ʼ 
5’-TTT TAT GTC CCG TGA 
CAA CG-3ʼ 
ca12 
 
5’- AAA ATC GCG CCT 
TTT CAC TA-3’ 
5’- TTG AAA GGG CCA 
ACC TCT AA-3’ 
  
2.19 Scanning Electron Microscopy (SEM) 
Preparation for SEM was carried out in the EM facility at the University of 
Manchester. In summary, embryos were fixed in 2.5% glutaraldehyde (in 
0.1 M sodium cacodylate buffer, pH 7.2-7.4) for two hours, washed and 
then fixed again in osmium tetroxide (OsO4) for a further two hours. The 
embryos were then progressively dehydrated in ethanol until in dry 
ethanol. They were then critical point dried by gradually replacing the 
ethanol with liquid carbon dioxide. When replaced with liquid carbon 
dioxide, the critical point (1150 psi) for carbon dioxide was reached by 
heating. At the critical point, carbon dioxide turns to a gas and can be 
removed, leaving the ‘dried’ embryos. To detect with the electron 
microscope, the embryos were sputter-coated with gold. Imaging was 
performed on an FEI Model Quanta 200 ESEM.  
 
2.20 Transmission Electron Microscopy (TEM) 
Embryos were prepared for TEM in the EM facility (University of 
Manchester). Briefly, embryos were fixed in 2% formaldehyde + 2% 
glutaraldehyde in 0.1M cacodylate buffer (pH 7.2) overnight. They were 
then postfixed with reduced osmium (1% OsO4 + 1.5% K4Fe(CN)6 in 
0.1M cacodylate buffer) for 1 hour. The embryos were then put in 1% 
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tannic acid (in 0.1M sodium cacodylate buffer) for 1hour and finally in 1% 
uranyl acetate (in water) for 1 hour. Samples were then dehydrated in 
ethanol and embedded in low viscosity resin (TAAB). Sections of 70 nm 
were cut on Reichert-Jung Ultracut E ultramicrotome. Observation was 
carried out using FEI Tecnai 12 electron microscope at 80 kV.  
 
2.21 Transplant assay – Mosaic analysis 
Foxi1e morphant tissue was transplanted onto wild type embryos to look 
at the non-cell autonomous effect of depleting ionocytes on ciliated cells. 
 
Embryos injected with foxi1e ATG MO were reared alongside wild type 
embryos until gastrulation, when transplantation was carried out. For the 
transplantation procedure, embryos were grown in transplantation buffer 
(0.5x MMR, 1% ficoll and 5 µg/ml gentamicin; Sigma). Sharp forceps 
were used to transplant a region of the ventral animal pole of morphant 
embryos onto the equivalent region of wild type embryos. The embryos 
were then incubated in post-transplantation buffer (0.1x MMR, 5 µg/ml 
gentamicin) until stage 30 when they were fixed in MEMFA for 
subsequent analysis by antibody staining. The morpholino was tagged 
with fluorescein to distinguish the transplanted region from the wild type 
tissue. 
 
2.22 Harvesting Xenopus mucins 
Media was collected from dishes containing embryos. At stage 25, the 
vitelline membrane was removed from all the embryos in the dish and the 
embryos were transferred to fresh media. The embryos were then reared 
for five days, collecting and replacing the media periodically. Any 
damaged or dying embryos were removed. The media was put into the 
denaturing agent, 6 M guanidinium chloride, to denature and preserve 
any mucins. 
 
To distinguish between secretions from the epidermis and secretions 
from the cement gland, the heads of embryos were removed using 
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forceps and the body samples were allowed to develop until they began 
to deteriorate. The media was collected from the body samples as for the 
whole embryos. Lysate from embryos was also taken for analysis by 
putting the embryos directly into guanidinium chloride (6M) to break open 
cells and denature any proteins, including mucins.  
 
2.23 Periodic Acid Schiff (PAS) staining 
This was performed on slot blots, after agarose gel electrophoresis (and 
transfer to nitrocellulose membranes), and on wholemount embryos. The 
same protocol applied for each material. For wholemount staining, 
embryos were placed in 24-well dishes and reagents were added to and 
removed from each well as necessary. PAS staining is used to detect 
glycoprotein including mucins. Periodic acid selectively oxidizes vicinal 
diols on glucose residues to form aldehydes. Schiff reagent then reacts 
with the aldehydes to produce a purple colour indicative of the presence 
of glycoprotein. When combined with agarose gel electrophoresis, which 
selects for high molecular weight proteins, PAS staining can give a first 
indication of the presence of mucins. 
 
Periodic acid solution (1% periodic acid, 3% acetic acid in water) was 
added to samples for 5-10 minutes and then washed off in water. The 
samples were then washed twice in sodium metabisulphite buffer (0.1% 
sodium metabisulphite, 0.01 M HCl), before addition of Schiff reagent (in 
sodium metabisulphite buffer). Schiff reagent was left for 5-10 minutes. A 
magenta staining indicates presence of glucose or glycoprotein. The 
samples were washed again with sodium metabisulphite and then water. 
For wholemount and sections of embryos, Schiff reagent was added at a 
dilution of 1:50.  
 
2.24 Agarose gel electrophoresis and western blot for 
mucins 
To detect high molecular weight molecules, such as mucins, agarose gel 
electrophoresis was undertaken. Large (15 cm x 15 cm), 0.7% (w/v) 
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agarose gels were electrophoresed at 30 V for 15 hours in 
electrophoresis buffer (40 mM Tris-acetate, 1 mM EDTA pH 8.0, 1% (w/v) 
SDS). Unreduced and reduced (+10 mM DTT) samples were run an 
agarose gels. Following electrophoresis, proteins were reduced (4x SSC 
+ 10 mM DTT) in the gel (to aid their transfer) and vacuum-blotted onto 
nitrocellulose membranes (2 hours at 50 mBar, in 0.6 M sodium chloride, 
60 mM sodium citrate) for subsequent western blot or PAS staining. 
 
For western blot, nitrocellulose membranes were washed in 1x TBS-
Tween (TBST) and blocked in TBST + 5% milk powder for one hour. After 
blocking, primary antibodies (diluted in TBST) were applied and the 
membranes were incubated for one hour at room temperature. 
Secondary antibodies (1:7500 in TBST) conjugated to alkaline 
phosphatase of peroxidase were then applied for another hour. The blots 
were developed using either NBT/BCIP (Roche) or chemiluminescence 
reagents (GE Healthcare).  
 
2.25 CsCl density gradient centrifugation 
To separate molecules in the media (or embryo lysate) by density, 
samples were mixed with caesium chloride (CsCl)/4M guanidinium 
chloride and centrifuged using a Beckman Ti 45 rotor at 40,000 rpm for 
65 hours at 15°C. Twenty fractions were taken and the densities 
measured alongside PAS reactivity. Fractions showing greatest PAS 
reactivity were pooled and dialysed out of CsCl for subsequent analysis 
by mass spectrometry or antibody staining. 
 
2.26 Preparation for mass spectrometry 
In preparation for mass spectrometry, purified mucin samples (in 2M 
urea/100 mM ammonium bicarbonate) were digested overnight in trypsin 
(1 µg) at 37°C and then tryptic peptides were purified using ZipTips 
(Millipore). Peptides were solubilised in 0.1% formic acid and sent for 
mass spectrometry using the in-house facility (University of Manchester).  
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2.27 Mass spectrometry procedure and analysis 
Tryptic peptides were separated by reverse phase liquid chromatography 
(LC) and analyzed by tandem mass spectrometry (LC-MS/MS) using a 
NanoAcquity LC (Waters, Manchester, UK) coupled to a LTQ Velos mass 
spectrometer (Thermo Fisher Scientific, Waltham, MA). Peptides were 
concentrated on a pre-column (20 mm x 180 µm i.d, Waters).  The 
peptides were then separated using a gradient from 99% A (0.1% formic 
acid (FA) in water) and 1% B (0.1% FA in acetonitrile) to 30% B, for 40 
min at 300 nL min-1, using a 75 mm x 250 µm i.d. 1.7 µM Bridged Ethyl 
Hybrid (BEH) C18, analytical column (Waters).  Peptides were selected 
for fragmentation automatically. Data produced were searched using 
Mascot (Matrix Science UK) software against a custom database 
consisting of the SWISSPROT database with additional Xenopus 
tropicalis-specific mucin sequences attached (Lang et al., 2007).  
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Chapter 3 Characterizing the intercalating 
non-ciliated cells (INCs) in the larval 
epidermis of Xenopus tropicalis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 93 
 
 
3.1 Introduction 
The intercalating non-ciliated cells (INCs) were originally identified as a 
population of cells that intercalate into the outer layer of the epidermis 
alongside ciliated cells (Stubbs et al., 2006). However, since their original 
identification there has not been any report about what their function in 
the epidermis might be. The INCs have a scattered epidermal distribution 
(Stubbs et al., 2006). In this chapter, it is this scattered expression pattern 
that is used as the basis for identifying potential markers of INCs. To test 
whether any of these potential markers could correspond to the INCs, 
markers for ciliated cells and goblet cells are also used. Morphological 
and ultrastructural analysis of the epidermis is carried out to determine 
specific characteristics of the INCs and to find out whether or not they are 
equivalent to the small secretory cells as previously proposed (Hayes et 
al., 2007). 
 
 
3.2 Results 
 
3.2.1 Goblet cells and ciliated cells develop alongside unidentified 
cell types 
Markers for goblet cells and ciliated cells have been described for tailbud 
stage Xenopus embryos previously (Deblandre et al., 1999; Nagata et al., 
2003). Figure 3.1A shows both in situ hybridization and 
immunofluorescence microscopy for the goblet cell marker, xeel, on stage 
35 embryos. Both patterns show that this cell type is abundant in the 
epidermis. For ciliated cells, α-tubulin expression is often used as a 
marker because it is produced in high quantities to generate the ciliary 
axonemes (Penque et al., 1991). In situ hybridization staining for α-1-
tubulin and antibody staining for acetylated α-tubulin revealed the 
presence of ciliated cells in the epidermis (Figure 3.1B). The α-1-tubulin 
probe showed a regularly spaced pattern in the epidermis as observed 
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before (Stubbs et al., 2006), whilst α-1-tubulin also marked the 
developing pronephros (white arrow), which is known to harbour cilia (Liu 
et al., 2007; Tran et al., 2007). The individual cilia in each ciliated cell 
were observable with the acetylated α-tubulin antibody (Figure 3.1B). 
Neurons also stain positive for acetylated α-tubulin and were seen faintly 
in the background (arrowhead).  
 
To demonstrate the presence of additional cell types in the epidermis, in 
situ hybridization for α-1-tubulin was combined with immunofluorescence 
microscopy for xeel (Figure 3.1C). It was clear that the markers for goblet 
cells and ciliated cells do not overlap, but this analysis also revealed the 
presence of another cell type (or types) not marked by either α-1-tubulin 
or xeel (white arrow). The unmarked cells had a scattered distribution and 
are likely to be the INCs. To get an idea of the proportion of each cell 
type, the number of cells marked and unmarked in embryos stained for α-
1-tubulin and xeel, were counted. A region of interest (450 pixels x 250 
pixels) was created on images of five individual embryos and the 
numbers of each cell type recorded (Figure 3.1D). Goblet cells made up 
the majority of the epidermis (60% +/- 0.73%), with ciliated cells 
accounting for 18% (+/- 0.73%) and the unknown cell type(s) contributing 
the remaining 22% (+/- 1.2%). Errors represent the standard error of the 
mean (s.e.m). Together, these observations suggested that there are at 
least three cell types in the epidermis.  
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Figure 3.1 Goblet cells and ciliated cells form alongside an unknown cell type 
(A) Xeel is a lectin used as a marker for goblet cells. In situ hybridization (left) and antibody staining (right) for 
xeel show that goblet cells are the majority cell type. (B) α-1-tubulin probe marks ciliated cells (left) and the 
developing pronephros (arrow). Antibody staining for acetylated α-tubulin (right) marks individual cilia 
projecting from the ciliated cells. The uniform spacing pattern of the ciliated cells is evident. Neurons are also 
stained weakly by anti-acetylated α-tubulin (arrowhead). (C) Combining in situ probe for α-1-tubulin (left) and 
antibody staining for xeel (centre and merged - right) in stage 30 embryos shows that these markers do not 
overlap and reveal the presence of an additional cell type (or types) that is not positive for either marker 
(arrow). The arrowhead shows position of an α-1-tubulin positive cilated cell. (D) Quantification of the markers 
reveals that goblet cells are the majority cell type (60% +/- 0.73%), with ciliated cells (18% +/- 0.73%) and the 
unknown cell type (22% +/- 1.2%) accounting for the rest of the epidermis. n = 5 embryos (measured region of 
interest = 450 pixels x 250 pixels). Error bars represent the standard error of the mean (s.e.m). Scale bars, 
200 µm for in situ images and 40 µm for antibody staining. 
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3.2.2 Scattered epidermal expression pattern of ion transporters, 
pumps and enzymes 
To identify possible markers of the INCs, results of a previous in situ 
hybridization screen (Roth and Papalopulu, unpublished) were assessed 
to find embryos with a scattered epidermal distribution. Interestingly, 
many of the genes found to have this expression pattern coded for ion 
transporters, pumps and enzymes. Several subunits of the large, 
multimeric proton-pumping enzyme, v-ATPase, showed a scattered 
epidermal pattern. These included genes for the subunits v1a (Figure 
3.2A), v1g (Figure 3.2B) and v0d (Figure 3.2C). In addition, the chloride-
bicarbonate exchanger, pendrin (Figure 3.2D) and the proton-lactate co-
transporter monocarboxylate transporter 4 (mct4, Figure 3.2E) had a 
similar expression pattern. Mct4 was also expressed in the somites (s), 
as indicated. Finally, carbonic anhydrase 12 (ca12), an enzyme 
catalysing the reversible hydration of carbon dioxide releasing protons 
and bicarbonate, had the same type of distribution in the epidermis 
(Figure 3.2F). Ca12 was also expressed in the otic vesicle (ov) and the 
olfactory placode (op). For all of these markers, the expression pattern 
was more scattered in distribution compared to the ciliated cell pattern 
(Figure 3.1B), whilst too sparse to correspond to the goblet cell pattern 
(Figure 3.1A).  
 
For each of the markers, cryostat sections of the embryos were taken at 
neurula stage (st. 14) and compared to tailbud stage (st. 25). It was 
evident in all cases (Figure 3.2A-F) that the markers changed expression 
from the inner layer to the outer layer over time. Also, co-staining of the 
ca12 probe with the acetylated α-tubulin antibody in the section (Figure 
3.2F) showed that these markers, or ca12 at least, are not expressed in 
ciliated cells but are in fact in cells adjacent to them.  
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 Figure 3.2 Scattered epidermal expression of markers for ion transporters 
All markers for ion transporters showed a scattered distribution and apparent change in expression from inner 
layer (St 14) to outer layer (St 25) over time. The identities of the transporters were as follows: (A) v-ATPase 
subunit v1a. (B) v-ATPase subunit v1g. (C) v-ATPase subunit v0d. (D) Chloride-bicarbonate exchanger, 
pendrin. (E) The lactate-proton co-transporter monocarboxylate transporter 4 (mct4). Mct4 showed additional 
distribution in the somites (s). (F) Transmembrane enzyme carbonic anhydrase 12 (ca12). Ca12 showed 
additional gene expression in the olfactory placode (op) and otic vesicle (ov). Staining for the cilia marker 
acetylated α-tubulin, in sections, alongside the probe for ca12 indicates that the ca12 positive cells are not 
ciliated cells. Scale bars for wholemount embryos, 250 µm. Scale bars for sections, 5 µm. 
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Using two of the markers, v1a and ca12, the change in localization 
between inner and outer layer was confirmed by fluorescent in situ 
hybridization (Figure 3.3). Here, DAPI staining was used to distinguish 
nuclei from inner and outer cells. It was clear that at stage 14, v1a and 
ca12 were in the inner layer, whilst this localization changed to the outer 
layer by stage 25. Together these results give an indication of possible 
markers for this new cell type. The fact that these markers have a 
scattered pattern and undergo an intercalation event during the same 
period of time previously described for the INCs strongly suggests that 
they are marking the same cell type (Stubbs et al., 2006). The nature of 
all of these markers suggests that they are ion-transporting cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 FISH confirms changing localization of v1a and ca12 
Combining DAPI staining for nuclei (blue) with fluorescent in situ hybridization (FISH) for v1a and ca12 RNA 
(red) shows that these markers change from inner to outer layer at the stages shown. Wholemount FISH was 
performed first, followed by sectioning. Scale bars, 50 µm 
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3.2.3 Antibodies to ion transport markers 
To gain further insight into these ion-transporting cells, antibodies were 
generated (or obtained) against some of the markers in Figure 3.2. An 
antibody was made against ca12 and an antibody to v1a was received as 
a gift (see Materials and methods). Figure 3.4A shows the full protein 
sequence of ca12, which is a 335-amino acid (37 kDa) enzyme 
expressed at the plasma membrane. Ca12 has a large extracellular 
catalytic domain and a short transmembrane domain (green). To 
generate an antibody, a region of the protein unique to ca12 was found 
by searching for sequences that did not match the other known carbonic 
anhydrases or other proteins in Xenopus tropicalis. This region, 
highlighted in blue (Figure 3.4A), was cloned into the pMal-c2x vector 
downstream of maltose-binding protein (MBP) to generate a fusion 
construct. A summary of the procedure is shown in Figure 3.4A. After 
bacterial expression of the fusion protein, MBP-tagged ca12 was purified 
on an amylose column and then eluted by addition of maltose. Fractions 
were taken and run on an SDS-PAGE gel (Figure 3.4B). The major band 
corresponding to MBP-ca12 was found between 50 kDa and 64 kDa. The 
expected size of the fusion protein is 58.5 kDa. This suggested that the 
fusion protein had indeed been isolated. However, many other weaker 
bands were also present in each fraction. To remove these contaminating 
proteins, the bands corresponding to MBP-ca12 (highlighted * in Figure 
3.4B) were excised for fractions F2-F5 and electroeluted out of the gel 
(see Methods). Small aliquots of each electroeluted fraction were then 
run on another SDS-PAGE gel and as Figure 3.4B shows, many of the 
contaminating proteins were indeed removed. The purified fractions were 
then combined and sent to Cambridge Research Biochemicals (CRB) for 
subsequent immunisation into rabbits, harvesting and affinity purification. 
 
The affinity purified anti-serum and the crude anti-serum were compared 
by immunofluorescence, together with the pre-immune serum (data not 
shown). The crude serum gave a strong signal, but the affinity-purified 
serum only gave a weak signal with lots of background staining. The pre-
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immune serum did not give any signal by immunofluorescence. This 
suggested that the affinity purification (performed by CRB) was 
unsuccessful, but because the crude serum was positive, this was used 
instead. As Figure 3.4C shows, the ca12 antibody stained the olfactory 
placode (op), the otic vesicle (ov) and some epidermal cells (e). This 
matched the gene expression pattern for ca12 exactly (Figure 3.2F). The 
positive epidermal cells showed a scattered distribution with apparent 
lateral membrane staining for ca12 (right panel – Figure 3.4C). 
 
The antibody to v1a was a peptide antibody generated against a region of 
the v1a subunit of v-ATPase in the bullfrog, Rana Catesbeiana (Yajima et 
al., 2007). The peptide sequence in which the antibody was generated is 
identical to the sequence found in Xenopus tropicalis v1a, as shown in 
blue in Figure 3.4D. V1a is a catalytic subunit of the v-ATPase and has 
the classical ATP-binding Walker A and Walker B motifs (Walker et al., 
1982). These are highlighted in red and green, respectively. The antibody 
to v1a was tested on Xenopus tropicalis embryos (stage 30) and was 
positive. Again, the scattered epidermal distribution was evident (Fig 
3.4D), with apparent staining within individual cells and at their lateral 
membranes. 
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Figure 3.4 Generating ca12 antibody and use of v1a antibody 
(A) Ca12 transmembrane protein sequence shows putative signal sequence (red) and hydrophobic 
membrane-spanning region (green). The region highlighted in blue is the portion of the protein in the N-
terminal catalytic region that the ca12 antibody was generated against. This portion was cloned into the pMal-
c2x vector upstream of the maltose-binding protein (MBP) tag and the fusion protein was used to generate 
antibodies according to the scheme shown. (B) Fractions of ca12-MBP fusion protein after bacterial 
expression. Fractions F2-F6 show prominent bands above 50 kDa. These bands were excised from the gel 
and electroeluted to further purify the fusion protein, as shown. (C) Testing of the crude ca12 antibody by 
immunofluorescence shows the same expression pattern as in situ hybridization with clear staining in the 
olfactory placode (op) and otic vesicle (ov), as well as in the epidermis (e). Confocal imaging shows that ca12 
has lateral membrane staining, with many positively stained embryos appearing in pairs. Scale bars (left to 
right), 500 µm, 100 µm, 100 µm and 50 µm. (D) Antibody generated against a unique peptide sequence (blue) 
found in the v1a protein, was received as a gift (Tanaka). The classical Walker A ((G/A)xxxxGK(T/V) motif; 
shown in red) and Walker B (green) ATP-binding motifs are shown. Immunofluorescence confirms scattered 
epidermal expression of v1a with the antibody. Zoomed image (yellow box) shows largely cytoplasmic staining 
with some apparent lateral membrane staining. Scale bars (left to right), 50 µm and 20 µm. 
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3.2.4 Foxi1e gene expression and antibody generation 
In addition to the ion transporters, pumps and enzymes described, the 
transcription factor, foxi1e, was also identified in a previous in situ 
hybridization screen and found to have a very similar expression pattern 
(Figure 3.5A). Indeed, a time course of gene expression for foxi1e 
revealed initial expression in a few cells at the animal pole during 
gastrulation (st 10.5). The expression then extended throughout the 
animal pole as the embryo entered neurula stages (st 12 and st 19) 
before ending up with the scattered, spotted distribution in the body 
epidermis by tailbud stages (st 25). Transverse sections of embryos 
probed by fluorescent in situ hybridization for foxi1e at st 14 and st 25 
showed that expressing cells change their localization from the inner 
layer to the outer layer over time (Figure 3.5B). This is consistent with the 
expression pattern for the other markers (Figure 3.2). An antibody was 
also generated to foxi1e so that its expression and function could be 
probed further. This time, a peptide sequence unique to foxi1e was 
identified and an antibody was generated against this sequence by 
immunisation into rabbits. The peptide production, immunisation and 
affinity purification of the antibody were carried out by Cambridge 
Research Biochemicals. Figure 3.5C shows the Xenopus tropicalis foxi1e 
protein sequence. Highlighted in blue is the peptide sequence used to 
generate the antibody, whilst the domain in red is the putative forkhead 
DNA binding region found in all members of this family of transcription 
factors (Katoh and Katoh, 2004). 
 
After production, the foxi1e antibody was tested by immunofluorescence 
(Figure 3.5D) and again this revealed a scattered, spotted epidermal 
distribution consistent with the gene expression profile. The pre-immune 
serum was also tested and was negative for expression of foxie (data not 
shown). In addition, sections at stage 14 and st 25 confirmed the 
changing localization from inner to outer layer. Unfortunately, several 
attempts to identify the endogenous foxi1e protein in embryo lysate by 
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western blot proved unsuccessful. Varying the lysis buffers, numbers of 
embryos and extraction methods did not give a clear band corresponding 
to foxi1e. However, as an alternative test, the antibody was used in 
western blot of HeLa cell lysate transfected with the C-terminal tagged 
foxi1e-HA construct. As figure 3.5E shows, untransfected cell lysate was 
not positive for either the HA antibody or the foxi1e antibody. However, 
with both 2 µg and 4 µg injection of the foxi1e-HA construct at increasing 
volumes of lysate loaded (10 µl, 20 µl and 30 µl), the HA antibody 
showed several bands between 36 kDa and 50 kDa corresponding to the 
foxi1e-HA protein. The expected size of foxi1e-HA is 42.5 kDa. After 
stripping and reprobing, the foxi1e antibody recognised the same band 
between 36 kDa and 50 kDa. This was also done on two separate gels to 
confirm the result (data not shown). This strongly suggests that the foxi1e 
antibody does indeed recognise foxi1e. The difference in the number of 
bands is probably because the anti-HA antibody is more sensitive and 
recognises breakdown products. Indeed the foxi1e antibody also 
recognised some breakdown products, but the bands were a lot weaker 
(Figure 3.5E). 
 104 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Foxi1e gene expression and antibody generation 
(A) Time course of foxi1e gene expression shows that expression is very faint in a few cells (box and inset, 
zoom) at the animal pole during gastrulation (st 10.5) and then extends in a spotted pattern across the animal 
pole and the epidermis during neurula stages (st 14 and st 18). By tailbud stages (st 25), foxi1e is expressed 
throughout the epidermis. Scale bars, 250 µm. (B) FISH for foxi1e (red) and DAPI (blue) shows changing 
expression pattern from inner to outer layer. Scale bar, 50 µm. (C) Xenopus tropicalis foxi1e protein sequence 
shows the putative forkhead DNA binding region (red) and 18 amino acid peptide sequence (blue) used to 
raise an antibody to foxi1e. (D) The foxi1e antibody confirms scattered epidermal distribution in wholemount 
immunofluorescence. Scale bar, 40 µm. Sections after antibody staining with anti-foxi1e confirm the change in 
expression pattern from inner to outer layer. Scale bar, 20 µm. (E) Western blot on HeLa cell lysate after 
transfection with foxi1e-HA. The lane numbers are as follows: (1-3) Untransfected cell lysate at increasing 
volume loaded; 10 µl, 20 µl and 30 µl, respectively. (4-6) Lysate from cells transfected with 2 µg foxi1e-HA 
DNA at increasing volumes, as for untransfected samples. (7-9) Lysate from cells transfected with 4 µg foxi1e-
HA DNA at increasing volumes, as for untransfected samples. Membranes were probed for anti-HA, stripped 
and re-probed for anti-foxi1e. Corresponding bands are present between 38 and 50 kDa representing foxi1e-
HA. Breakdown products are also seen with anti-HA and weakly for anti-foxi1e. Untransfected samples do not 
show a signal with either antibody 
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3.2.5 Foxi1e, v1a and ca12 are expressed in epidermal cells other 
than ciliated cells and goblet cells 
To prove that the scattered epidermal markers are in a different cell type 
to the goblet cells and ciliated cells, combinations of markers were 
employed together. Foxi1e, v1a and ca12 did not co-localize with the 
goblet cell marker, anti-xeel, or the ciliated cell marker, anti-acetylated α-
tubulin (Figure 3.6A-C). These markers were often in close contact with 
the ciliated cells as can be seen in the example sections. Sectioning also 
revealed the subcellular localization of the markers. In the examples 
shown, v1a seemed to be expressed both cytoplasmically and laterally, 
whilst ca12 showed distinctive basolateral localization.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Markers expressed in cells other than ciliated cells and goblet cells 
(A-C) Co-immunostaining of markers for foxi1e (A), v1a (B) and ca12 (C) with xeel or AcTub antibodies shows 
that none of the markers co-localize with goblet cells or ciliated cells. Transverse sections show subcellular 
distributions. Foxi1e is nuclear, v1a shows predominantly lateral and apical staining in this example and ca12 
is basolateral. Scale bars, 50 µm for wholemount antibody staining and 10 µm for sections. 
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3.2.6 Co-localization of foxi1e with ion transporters 
Having shown that the different markers do not co-localize with either 
ciliated cells or goblet cells, it was important to establish whether these 
markers were in the same cells as each other. For this purpose, in situ 
hybridization for one of the markers was combined with antibody staining 
for another marker. The antibodies to v1a, ca12 and foxi1e were all 
generated in a rabbit host, which made combining these antibodies in 
immunofluorescence difficult. Therefore, in situ hybridization for one 
marker was combined with antibody staining for another. As Figure 3.7A 
illustrates, foxi1e, v1a and ca12 are in fact in the same cells. In the figure, 
the upper panels and the lower panels represent the same field of 
imaging, with the upper panels showing in situ hybridization with the 
probe indicated and the lower panels showing the combined in situ 
hybridization and antibody staining. Foxi1e and v1a co-localized 
completely whilst ca12 also co-localized with both v1a and foxi1e but was 
present in fewer cells. In summary, all the foxi1e positive cells are v1a 
positive, with approximately 70% of these cells also being ca12 positive. 
This gave an early indication that there is perhaps more than one ion-
transporting cell type.  
 
To confirm that foxi1e and v1a are present in exactly the same cells and 
in exactly the same numbers, double fluorescent in situ hybridization was 
performed (Figure 3.7B) using a FITC-labelled v1a probe (green) and a 
DIG-labelled foxi1e probe (red). The probes completely co-localized, 
supporting the earlier results. In order to quantify the results, a ratio of 
each of the markers relative to the ciliated cell marker α-tubulin was 
calculated. The images used for this analysis were of co-
immunofluorescence of the markers for foxi1e, v1a and ca12 with 
acetylated α-tubulin (see Figure 3.6). To count the number of each 
marker, a region of interest (480 px x 300 px) was set and the numbers 
were noted relative to the number of ciliated cells. The results (Figure 
3.7C) suggest that the foxi1e/v1a cells are present in an almost 1:1 ratio 
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with the ciliated cells. Foxi1e gave a ratio of 0.94 +/- 0.03 and v1a a ratio 
of 1.03 +/- 0.065. As expected, there was no significant difference 
between the ratio of foxi1e and v1a to ciliated cells in a t-test (P = 0.18). 
However, in support of the probe and antibody combinations in Figure 
3.7A, ca12 gave a ratio to ciliated cells of 0.73 +/- 0.02 and this was 
significantly different from the ratios of v1a and foxi1e (t-test; P= 0.0004 
and 0.0008, respectively). Taken together, these results suggest that the 
foxi1e class of ion-transporting cells are present in approximately equal 
numbers to ciliated cells, but within the foxi1e cells there are two 
populations; one that expresses v1a and ca12 (70 % of population) and 
one that expresses only v1a (30 % of population). 
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Figure 3.7 Co-localization of foxi1e with v1a and ca12 
(A) Whole mount in situ hybridization with foxi1e or v1a probes coupled with immunostaining for ca12 and v1a, 
in the combinations indicated. Upper and lower panels represent the same field of imaging, with lower panels 
showing the overlay of markers. In the foxi1e/v1a combination, complete overlap of the markers is detected. In 
the foxi1e/ca12 combination, arrows point to three cells that express foxi1e but not ca12, and arrowhead 
points to a cell that expresses both. Likewise, in the v1a/ca12 combination, the three arrows show cells that 
express v1a but not ca12, whilst the arrowhead points to a cell that expresses both. Scale bar, 40 µm. (B) 
Double fluorescent in situ for v1a (green) and foxi1e (magenta) confirms complete co-localization of these 
markers. Scale bar, 50 µm (C) Chart shows individual markers expressed as a ratio to ciliated cells. Foxi1e 
gives a value of 0.94 (+/- 0.03), v1a gives a value of 1.03 (+/- 0.065) and ca12 gives a value of 0.73 (+/- 0.02). 
There is no significant difference between foxi1e and v1a expressing cells (t-test, p = 0.18), but there is a 
significant difference between foxi1e and ca12 cells (t-test, p = 0.0004) and v1a and ca12 cells (t-test, p = 
0.0008). n=5 embryos for each combination of marker and ciliated cells quantified. 
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3.2.7 Further characterisation of ion-transporting cells 
Initial analysis of the markers suggested that there are two types of foxi1e 
positive ion-transporting cells. To look at this further, the expression of 
v1a and ca12 was analysed in detail. Using the antibody to v1a, two 
types of expression pattern were evident (Figure 3.8A). Type 1 cells 
showed greater apical expression and appeared to have a vacuolar or 
vesicular surface. Meanwhile, type 2 cells showed clear lateral and 
cytoplasmic staining, without the strong apical staining. Sections of these 
two cell types (Figure 3.8B) clearly showed type 1 cells with largely apical 
expression (arrow) and type 2 cells (arrowhead) with predominantly 
basolateral expression. Interestingly, the proportion of each of the two cell 
types reflected the numbers of ca12-positive cells shown in Figure 3.7. 
Type 1 cells accounted for 27.9 % of the population with type 2 cells 
accounting for the rest of the population (Figure 3.8C). When combining 
v1a and ca12 antibody staining (Figure 3.8D), it was clear that the type 2 
cells co-localized with ca12, whilst the type 1 cells (example marked with 
arrow) did not express ca12. In summary, type 2 cells are the majority cell 
type where ca12 and v1a are predominantly basolaterally localized and 
type 1 cells are the minority cell type where v1a is expressed apically in 
an apparent vesicular organisation.    
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Figure 3.8 There are two subtypes of ion-transporting cells 
(A) anti-v1a expression shows two distinct populations of cells. Type 1 (arrowhead) shows predominantly 
apical expression with a vacuolated/vesicular appearance, whilst type 2 (arrow) has limited apical expression, 
with v1a expressed cytoplasmically and at the lateral membranes. Scale bar, 50 µm for low magnification 
image and 10 µm for higher magnification images. (B) Cross-section shows the two types of v1a-expressing 
cells (green) adjacent to a ciliated cell (red). Type 1 show apical staining (arrow), whilst type 2 show 
predominantly basolateral and cytoplasmic localization. (C) Chart quantifies the number of each subtype, with 
type 1 accounting for 27.9% (+/- 2.36%) and type 2 accounting for 72.1% (+/- 2.64%) of the population. n = 5 
embryos. (D) Co-immunostaining of v1a (magenta) with ca12 (green) shows that type 2 v1a cells co-localize 
with ca12, but type 1 v1a cells do not (arrow). Scale bar, 50 µm. 
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3.2.8 Xenopus embryonic epidermis comprises several cell types 
In light of the characterisation of the putative ion-transporting cell types 
(which likely correspond to the INCs), it was necessary to see whether or 
not this additional cell type completed the characterization of the 
epidermis, together with ciliated cells and goblet cells. To do this, two 
alternative techniques were employed. The first was to combine antibody 
staining for each of the known cell types. It was shown earlier (Figure 3.1) 
that α-tubulin positive ciliated cells do not co-localize with xeel-positive 
goblet cells so antibodies for these two were combined in Figure 3.9A. 
Both the acetylated α−tubulin antibody and the xeel antibody were 
generated in mouse host; hence the same secondary antibody (and 
colour) was used. The cilia can clearly be seen protruding from the 
background staining of goblet cells. The xeel/AcTub antibodies were 
combined with antibody staining for foxi1e (green) and v1a (green). In 
both cases, the markers for foxi1e and v1a filled in some of the spaces, 
but crucially some cells were still unaccounted for (see arrows in Figure 
3.9A). This suggests that in addition to ciliated cells, goblet cells and the 
two types of ion transporting cells (INCs) there is another cell type or 
types yet to be characterised. These remaining cells appeared to be 
smaller in size than the other cell types.  
 
In the second technique, double fluorescent in situ hybridization for α-
tubulin (red) and v1a (green) was combined with antibody staining for 
xeel (blue) as shown in Figure 3.9B. The lower panels are higher 
magnification views of the upper panels. It is clear that the three marked 
cell types do not overlap, however as with the first technique, there were 
many unmarked cells (arrows) that await identification. More information 
as to the possible identity of the unmarked cells is provided in the rest of 
this chapter as well as in chapter 6. 
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Figure 3.9 Xenopus larval epidermis comprises several cell types 
(A) Combining the markers for foxi1e (green) and v1a (green) with xeel/AcTub (red) shows that three cell 
types comprise the majority of the epidermis. However, there is an additional cell type or types that is not 
represented by any of the markers (arrows). These cells appear to be smaller in size, but are still present in 
considerable numbers. Scale bars, 50 µm. (B) Double fluorescent in situ for α-1-tubulin and v1a together with 
antibody staining for xeel (blue) confirmed the presence of three cell types making up the majority of the 
epidermis. Again an additional cell type is seen that is not recognised by any of the markers (arrows). Upper 
panels and lower panels represent the same embryo at different magnification. Scale bars; upper panels, 100 
µm and lower panels, 50 µm. 
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3.2.9 Membrane-GFP reveals surface features of the epidermis 
As well as using the markers described above to identify the individual 
cell types, GAP-43-GFP (membrane-GFP or mGFP) was used to try and 
identify each of the cell types by surface morphological features. Stage 
35 embryos (injected with mGFP RNA) were fixed and processed for 
antibody staining using the known markers alongside anti-GFP antibody. 
Figure 3.10A shows foxi1e staining together with mGFP. It was difficult to 
make out any discernible surface features for the foxi1e positive cells by 
this analysis alone. However, it was clear that the foxi1e-positive cells are 
moderate in size and are not the smallest cell type in the epidermis. The 
smallest cell type are marked by arrows in Figure 3.10A and they 
possess very distinctive apical pits or vesicles at their surface. This 
corresponds to the small secretory cell type identified in earlier electron 
microscopy studies (Nickells et al., 1988). 
 
 To look more closely at the surface features of the epidermis, two slices 
of a confocal stack were taken to look at the apical surface compared to 
the interior architecture of embryos stained with mGFP and foxi1e  
(Figure 3.10B). The apical slice did not show foxi1e staining because 
foxi1e is a transcription factor and so is present in the nucleus. For this 
reason it can only be seen in the interior slice (red). The apical slice 
showed some important features. Membrane-GFP clearly marks the cilia 
(CC), which can be identified by their protrusions. By comparing the 
interior slice with the apical slice, the foxi1e-positive cells were identified 
retrospectively (arrowheads). Whilst not showing any tangible features 
themselves, it was again clear that the foxi1e cells do not correspond to 
the small secretory cells (arrows). A high magnification image (zoom, 
Figure 3.10B) of the epidermis showed the small secretory cell type 
(arrows) exhibiting apical pits next to ciliated cells (CC). The other ion-
transporter marker, v1a, also showed staining in medium-sized cells, but 
not in the smallest cell type (arrows) or ciliated cells (Figure 3.10C). In 
this case it was more difficult to see the apical pits in the small cell type.  
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To identify the goblet cells by surface features, mGFP was combined with 
xeel antibody staining (Figure 3.10D). This showed that the goblet cells 
are indeed the largest cell type and have numerous vesicles that appear 
to secrete xeel out of the cell. This supports previous studies that have 
looked at xeel expression (Hayes et al., 2007; Nagata, 2005). The xeel-
positive cells do not include the small apical pit cells (arrows), whilst the 
possible ion-transporting cells are highlighted with arrowheads. Together, 
this analysis strongly suggests that the small secretory cells are an 
independent cell type and likely correspond to the unmarked cell type(s) 
presented in Figure 3.9. 
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 Figure 3.10 membrane GFP reveals key features of epidermal cell types 
(A) Combining foxi1e (red) antibody staining with staining for membrane-GFP (mGFP, green) to mark cell 
membranes shows that foxi1e is present in moderately-sized cells. Smaller cells with apical vesicles (arrows) 
are not marked by the antibody for foxi1e. Scale bars, 10 µm. (B) Apical and interior slices of the same 
confocal stack were taken as shown. The apical slice reveals the surface features with mGFP. Small cells with 
apical pits are evident (arrows), whilst ciliated cells (CC) have protruding cilia. The interior slice shows the 
foxi1e positive cells (red and arrowheads) and the same cells have been marked on the apical slice. As foxi1e 
is a transcription factor, it is expressed in the nucleus and so can only be seen in the interior slice. Again this 
analysis shows that the foxi1e positive cells are not the smallest cell type. A zoomed image clearly shows the 
apical pits present in the smallest cell type (arrows). Scale bars; 20 µm for apical and interior slices and 10 µm 
for zoomed image. (C) Co-staining of v1a (red) and membrane-GFP (green) also shows expression of this 
marker in cells other than ciliated cells (CC) and the small cell type (arrows). Scale bar, 20 µm. (D) Co-staining 
of xeel (red) with membrane GFP (green) shows that the xeel-positive goblet cells make up the majority of the 
cells in the epidermis and xeel seems to be secreted through pores/vesicles at the surface of this cell type. 
Furthermore, ciliated cells (CC), small apical pit cells (arrows) and putative foxi1e positive cells (arrowhead) 
are not marked by xeel. Scale bar, 10 µm 
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3.2.10 Electron microscopy reveals the presence of at least five cell 
types 
Transmission and scanning electron microscopy were employed to look 
at the ultrastructure of each of the cells in stage 35 embryos (Figure 
3.11). The goblet cells were easily identifiable by the fact that they are the 
most abundant cell type containing apical secretory vesicles (Figure 
3.11A). Granular material could be seen in large vesicles at the surface of 
the cell by TEM and as secretions in SEM (arrows). Ciliated cells were 
also easily identifiable by both techniques (Figure 3.11B). Protruding cilia, 
basal bodies (arrowhead) and ciliary rootlets (arrow) are key features of 
these cells in TEM. In SEM, the protruding hair-like cilia are one of the 
most striking features of the epidermis. A third cell type had prominent 
microvilli (arrows) that were easy to visualise by TEM and could be seen 
on the surface of some cells by SEM (Figure 3.11C). Interestingly, these 
cells also had an abundance of mitochondria (arrowhead), which is 
indicative of an extremely metabolically active cell type.  
 
Another cell type was also rich in mitochondria (arrowhead) with small 
vesicles (arrows) present directly underneath the apical membrane 
(Figure 3.11D). These cells were more difficult to identify by SEM but 
could correspond to the ones highlighted (arrows). Both of these 
mitochondria-rich cells also had small apical vesicles, suggesting that 
they could be secretory cells (Figure 3.11C and D). These two 
mitochondria-rich cell types may correspond to the ion transporter 
subtypes (and the INCs), but this is difficult to verify without the use of 
immuno-EM to combine the known markers with electron microscopy. 
Preliminary attempts to perform immuno-EM were unsuccessful (data not 
shown). Finally, the small secretory cell type with apical pits was also 
evident by SEM and TEM (Figure 3.11E). In SEM, the pits were clearly 
visible (arrow), but were few in number. By TEM, these cells had a few 
large, prominent vesicles that appeared to generate the pit-like structure 
(arrow). Given the lack of characterization, it is difficult to determine the 
function of these cells. However, further data is presented in chapter 6 to 
postulate a role for these cells in the epidermis. 
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Figure 3.11 Electron microscopy reveals the ultrastructure of each cell type 
Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) show the presence of at 
least five cell types (A-E). (A) Goblet cells are the most abundant cell type and have numerous apically 
localized secretory vesicles (arrow) containing granular material. Scale bars, 2 µm (left), 1 µm (centre) and 5 
µm (right). (B) Ciliated cells are evident in TEM images by their microtubule projections, basal bodies 
(arrowhead) and ciliary rootlets (arrow). By SEM, the cilia (CC) are clearly evident. Scale bars, 0.5 µm (left), 1 
µm (centre) and 20 µm (right). (C) Prominent microvilli-rich cells are characterised by their microvilli (arrow), an 
abundance of mitochondria (arrowhead) and small apical vesicles (v) in TEM images. Microvilli (mv) are also 
evident on some cells in SEM. Scale bars, 2 µm (left), 0.5 µm (centre) and 20 µm (right). (D) Cells with small 
apical vesicles just below the surface (arrow) and abundant mitochondria (arrowhead). Scale bars, 2 µm (left), 
1 µm (centre) and 20 µm. (E) Small cells with apical pits (arrow) are identifiable by both TEM and SEM. A few 
very large vesicles are present just below the surface and these create a pit, which is also evident in SEM 
images. Scale bars, 2 µm (left), 1 µm (centre) and 10 µm (right).  
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Figure 3.12 shows an overall view of the epidermis of stage 35 embryos 
by SEM. Each of the cell types is highlighted based on the features 
observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12 Overview of Xenopus tropicalis embryonic epidermis 
Each of five cell types is identified by surface morphology. Ciliated cells (CC) are evident by protruding cilia. 
Goblet cells (GC) are the largest and most abundant cell type with secretory vesicles. Ion-transporting cells 
(IT1 and IT2) most likely correspond to the two cell types indicated. The small secretory cells (SS) with apical 
pits are also present. Scale bar, 50 µm 
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3.3 Discussion 
The results presented in this chapter have conclusively revealed the 
presence of additional cell types in the epidermis other than ciliated cells 
and goblet cells. A number of markers of ion transporters were shown to 
change their expression pattern from the inner to outer layer. Since these 
markers did not colocalize with ciliated cells (which also intercalate), this 
strongly suggests that they mark the elusive INCs. Contrary to earlier 
reports (Hayes et al., 2007), the INCs do not correlate to the small 
secretory cells, which are a different cell type entirely. Like ciliated cells, 
the INCs have been shown to be under the control of notch-mediated 
lateral inhibition (Stubbs et al., 2006). Interestingly, one marker of the ion-
transporting cells presented here, mct4, has been shown to be sensitive 
to notch signalling (Hayes et al., 2007). This also supports the notion that 
the INCs and the ion-transporting cells are equivalent. Two types of ion 
transporting cells were identified with different molecular identities and 
these were correlated with two types of cells evident in electron 
micrographs of the epidermis. But what might the function of these cells 
be? In order to speculate on the function of these cells, it is necessary to 
look at the individual ion transporters. V-ATPase and ca12 were studied 
in this chapter, but what is their molecular function, which other cell types 
are they expressed in and in what context? A review of the literature 
follows. 
 
3.3.1 v-ATPase 
Vacuolar ATPase (v-ATPase) is a large, multisubunit enzyme complex 
that drives the pumping of protons from one side of a membrane to the 
other using energy from ATP hydrolysis (Hinton et al., 2009). The enzyme 
has two domains, V0 and V1, and within each domain are several 
subunits. The V0 domain comprises integral membrane subunits and is 
attached to the V1 domain, which is usually localized to the cytoplasm 
and harbours catalytic subunits including the v1a subunit used in this 
study (Beyenbach and Wieczorek, 2006). V-ATPases were originally 
described in the membranes of intracellular organelles, such as 
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lysosomes and endosomes, but have since been found at plasma 
membranes too (Brown et al., 1987; Kirshner, 1962; Sun-Wada et al., 
2003). In both cases, the cytoplasmic localization of the V1 domain allows 
the ATPase driven pumping of protons into intracellular organelles or into 
the extracellular space, acidifying these environments.  
 
Acidification by v-ATPases serves several purposes. In lysosomes and 
endocytic/exocytic vesicles, the low pH generated by active pumping of 
protons by v-ATPase serves to activate enzymes such as acid proteases, 
which then can degrade or process proteins (Sun-Wada et al., 2006). 
Meanwhile, extracellular acidification is believed to have several 
functions, such as fluid production and maturation, and reabsorption of 
other ions (Beyenbach and Wieczorek, 2006). Several epithelial tissues, 
in many different organisms, and at many different stages of development 
have been shown to express the v-ATPase holoenzyme. It is believed 
that nearly all adult cells contain v-ATPases in intracellular organelles in 
order to carry out basic cellular functions (Marshansky and Futai, 2008). 
However, other specialised cell types upregulate v-ATPases to carry out 
specific functions. For example, in mammals, v-ATPase is known to be 
present in specific cells of the kidney, epididymis, inner ear and 
interestingly, the airway epithelium. These are discussed below. 
 
The kidney is a vital organ through which ions are secreted and 
reabsorbed, urine is processed and acidified and acid-base equilibrium is 
achieved (Gluck et al., 1996). V-ATPase is expressed in several parts of 
the kidney, but perhaps is most prevalent in the intercalated cells of the 
collecting duct and proximal tubule cells of the nephron (Gluck et al., 
1996; Wagner et al., 2009). The intercalated cells of the collecting duct 
closely resemble the ion transporting cells of Xenopus embryonic 
epidermis presented in this chapter. There are two major types of 
intercalated cell in the collecting duct, known as type A and type B cells 
(Brown et al., 2009). These are acid and base secretors, respectively. V-
ATPase is present in the plasma membranes of both type A and type B 
intercalated cells and interestingly they show similar subcellular 
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localizations of v-ATPase to the type 1 and type 2 ion-transporting cells 
presented here. In type A intercalated cells, v-ATPase is expressed 
primarily at the apical surface (Alper et al., 1989), as for the type 1 ion-
transporting cell. Meanwhile, the type B intercalated cells have been 
shown to express v-ATPase mainly cytoplasmically and basolaterally, as 
well as sometimes showing apical expression (Brown and Breton, 1996). 
This is similar to the type 2 ion-transporting cells, which show 
predominantly basolateral and some cytoplasmic expression of v1a. Two 
more of the markers for ion-transporting cells are also found in 
intercalated cells. Pendrin has been shown to localize to the apical 
membranes of type B intercalated cells (Royaux et al., 2001). Whereas, 
mct4, although not fully characterized, has been suggested to be present 
in type A intercalated cells (Becker et al., 2010). 
 
In addition to the intercalated cells of the kidney, clear cells of the 
epididymis are also known to express v-ATPase (Kubota et al., 2006; Zuo 
et al., 2010). The epididymis provides a storage site for sperm as they 
mature and become motile. For this maturation process, the luminal fluid 
in the epididymis must be maintained at low pH and v-ATPase, localized 
to the apical surface of clear cells, is a major contributor to the 
acidification process (Shum et al., 2009). Indeed, the epididymis and the 
kidney have the same embryological origin and this might explain the 
similarity in the ion-transporting cells, the presence of v-ATPase and the 
acidification function common to both organs (Brown and Breton, 2000). 
In the inner ear, V-ATPase localizes to epithelial cells surrounding the 
endolymph and acidifies the endolymphatic fluid (Stankovic et al., 1997). 
This is important to maintain a positive charge and low pH and allow 
movement of other ions down electrical gradients.  
 
 
3.3.2 Carbonic anhydrase 12 (ca12)   
There are several members of the carbonic anhydrase family and they 
differ in which tissues they are expressed and their subcellular 
localization. Some are expressed in the cytosol, some are secreted and 
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some are membrane-bound (Supuran, 2008). However, the basic 
function of all carbonic anhydrases is the same - to catalyse the 
reversible hydration of carbon dioxide to form bicarbonate ions and 
protons (Esbaugh and Tufts, 2006). Carbonic anhydrase 12 is a 
transmembrane enzyme with an extracellular catalytic site and is thus 
thought to regulate extracellular ionic balance (Parkkila et al., 2000; 
Tureci et al., 1998). The regulation of ionic and pH homeostasis is a 
common theme and this is reflected in the tissue distribution of CA12. 
Indeed, the expression of CA12 is found in many of the same tissues and 
organs as v-ATPase. Carbonic anhydrase activity is known to be 
important for regulating the levels of bicarbonate and protons in the 
kidney and CA12 is one isozyme that is expressed in renal tissue 
(Kaunisto et al., 2002; Parkkila et al., 2000). Furthermore, in experiments 
using mouse and rat kidney, CA12 was found to localize to the 
basolateral membrane of type A intercalated cells (Kyllonen et al., 2003). 
This basolateral localization of CA12 was also seen in the Xenopus 
epidermis in the present study. However, rather than being expressed in 
cells with apical v-ATPase, it is expressed in cells with predominantly 
basolateral v-ATPase. This differs from the type A kidney intercalated 
cells, which have v-ATPase at the apical surface, acidifying the lumen. 
So, although the kidney intercalated cells and the Xenopus epidermal ion-
transporting cells are undoubtedly similar there may be some important 
differences regarding their function. 
 
Carbonic anhydrase activity has been reported in both male and female 
reproductive epithelia where production of bicarbonate ions is thought to 
be critical for the function of sperm in motility and fertilization. Like v-
ATPase, CA12 has been found in the epididymis, where it is basolaterally 
localized (Hermo et al., 2005). In addition, ca12 has also been reportedly 
expressed in male efferent ducts and female endometrial epithelia 
(Karhumaa et al., 2001; Karhumaa et al., 2000). Expression of ca12 in 
enterocytes of the gut (again basolaterally), osteoclast-like cells in the 
bone, ciliated cells in the ocular ciliary epithelium, pancreatic tissue and 
epithelia in the choroid plexus have also been reported (Kallio et al., 
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2006; Kivela et al., 2000a; Kivela et al., 2000b; Liao et al., 2003; Oksala 
et al., 2010). All of these tissues require acid-base balance, fluid 
secretion and absorption for their function and CA12 likely has a role in 
these activities. 
 
With regards to the Xenopus mucociliary epidermis, it is very interesting 
to note that many of the tissues expressing v-ATPase and CA12 in a 
number of organisms are also ciliated. This is the case for the epididymis, 
the kidney, the eye and the choroid plexus. Meanwhile, the gut is a 
mucosal epithelium and expresses CA12. This suggests that the 
presence of ion transporters is important in ciliated and secretory 
epithelia.  
 
It is clear that the major function of the cells expressing v-ATPase and 
ca12 is acidification, control of pH and ion balance. However, if this 
function translates to the ion-transporting cells in Xenopus embryonic 
epidermis, it is still not clear why. To gain a greater understanding as to 
why the Xenopus epidermis requires ion-transporting cells, it is important 
to understand the environment in which the embryo develops. As this is 
the same environment as adult Xenopus frogs, a good place to start is by 
looking at the skin of adult frogs, which has been studied in significant 
detail in the past. In addition, comparisons between the embryonic 
epidermis of Xenopus and that of another similar developmental model, 
zebrafish (which survives in a similar environment), might give some 
more insight into the role of the ion-transporting cells. 
 
3.3.3 Adult Xenopus skin has mitochondria-rich cells 
The skin of adult Xenopus laevis frogs has been studied for the last 
century and a lot is known about its morphology and function. The skin is 
known to contain a population of mitochondria-rich (MR) cells, and as the 
name suggests, they have an abundance of mitochondria (Brown and 
Breton, 1996). Cells rich in mitochondria are usually higly metabolically 
active. Interestingly, the main function assigned to the MR cells has been 
the transport of ions and osmoregulation. This is similar to many of the 
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tissues discussed above and indeed the intercalated cells of the kidney 
and the clear cells of the epididymis have also been referred to as MR 
cells (Brown and Breton, 1996). Just like the other cell types, a key 
feature of the MR cells is the abundance of v-ATPase expressed in both 
cytoplasmic vesicles and at the plasma membrane (Ehrenfeld and Klein, 
1997). This suggests that acidification and ionic regulation is an important 
function of MR cells in amphibian skin. But why would this be the case? 
 
Xenopus is an aquatic organism native to lakes, rivers and swamps – 
freshwater environments. This type of habitat provides a challenge to 
adult frog skin and also to the developing embryonic epidermis. A specific 
problem identified by physiologists studying the frog skin is its ability to 
intake sodium and chloride from the freshwater environment against the 
prevailing concentration gradients (Ehrenfeld, 1998). Careful studies 
revealed that the acidification by the proton pumping v-ATPase at the 
apical surface of MR cells energises the uptake of sodium and chloride 
(Harvey, 1992; Larsen et al., 1992; Willumsen et al., 2002). V-ATPase is 
electrogenic in that it uses energy from ATP to actively pump out protons 
into the environment and this creates a local electrical gradient down 
which sodium ions can enter the skin cells. Meanwhile, the same MR 
cells of amphibian skin have also been called chloride cells because they 
are known to intake chloride (Willumsen et al., 2002). It is believed that 
chloride enters the MR cells via exchange with bicarbonate ions, which 
are in abundance due to carbonic anhydrase activity. These studies of 
MR cells in adult skin gives clues as to what the ion-transporting cells in 
the developing epidermis might do. It is highly likely that one of their roles 
is to control the intake of salts and regulate the ionic balance of the whole 
embryo through acidification of the local environment. However, as the 
embryo is still developing the ion-transporting cells may have more than 
just one role in the epidermis. To look at this further, comparisons can be 
made with zebrafish larvae, which are known to express MR-cells in their 
skin and gills and these cells have been termed ionocytes (Jänicke et al., 
2007).  
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3.3.4 Ionocytes in the skin of zebrafish embryos    
Like Xenopus, zebrafish must survive in the freshwater environment of 
lakes and streams. Adult fish can regulate their environment, secrete 
waste products and absorb vital ions through their gills, but prior to the 
development of gills this regulation occurs through the skin (Esaki et al., 
2009). The ionocytes are specialized MR cells found in the skin of 
zebrafish larvae. Once again, v-ATPase is principally responsible for the 
function of ionocytes (Lin et al., 2006). The v-ATPase activity drives the 
intake of sodium ions just like in adult frog skin. However, in the last few 
years a much greater level of complexity has emerged in both the 
function and development of zebrafish ionocytes. It is clear that there is 
more than one type of ionocyte in zebrafish larval skin, which correlates 
well with the findings presented here for Xenopus larval epidermis. In fact 
there are two major cell types in zebrafish, one predominantly expressing 
the v-ATPase proton pump and the other expressing the Na+/K+ ATPase 
pump (Esaki et al., 2007). Together these two cell types allow the uptake 
and secretion of different ions. In Xenopus tropicalis epidermis, there is 
no evidence as yet for expression of Na+/K+ ATPase pump. However, the 
parallels between the cell types in zebrafish compared to Xenopus is 
striking and this may extend to their mechanism of development. 
 
It has recently been found that the v-ATPase-rich and Na+/K+ ATPase-
rich ionocytes in zebrafish larvae are under the control of the homologous 
transcription factors foxi3a and foxi13b, respectively (Chang et al., 2009; 
Hsiao et al., 2007; Jänicke et al., 2007). In fact these transcription factors 
are responsible for the differentiation of these two cell types in both the 
skin and gills of zebrafish. Furthermore, the foxi3 transcription factors in 
zebrafish are related to the foxi1e transcription factor in Xenopus. In the 
current study, foxi1e was shown to co-localize with the ion-transporting 
cells and this raises the question as to whether foxi1e controls the 
formation and differentiation of these cell types. This is the subject under 
investigation in chapter 4. Given the similarities between zebrafish larval 
ionocytes and the ion transporting cells in Xenopus embryos, and the 
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inevitable comparisons between the two, the Xenopus cell types will also 
be called ionocytes from this point forth. 
 
3.3.5 Are the ionocytes equivalent to the serous acinar cells? 
In the mucociliary epithelium of the human airways, the serous acinar 
cells are important for fluid secretion to generate the periciliary liquid layer 
and hydrate the surface (Ballard et al., 1999). These cells express a 
number of ion transporters in order to regulate fluid secretion. One of the 
unknown aspects of the Xenopus larval epidermis at the start of this study 
was whether or not it also has a population of serous-like cells. The 
identification of ionocytes in this chapter suggests that the larval 
epidermis has the capacity to regulate ion balance, but whether they are 
the functional equivalents of the serous acinar cells remains to be 
determined. Comparing the expression of ion transporters known to be 
present in the serous acinar cells (Ballard and Spadafora, 2007) with 
those identified for the ionocytes here would suggest that they are not 
exact equivalents. For instance, v-ATPase has not been described in 
serous acinar cells but appears to be one of the most important ‘drivers’ 
of ionocyte activity as judged by its homology to similar cell types in the 
kidney and adult frog skin (Ehrenfeld and Klein, 1997).  It is difficult to 
judge at this stage whether or not the ionocytes express CFTR and ENac, 
the two important ion transporters in serous acinar cells, because the 
ionocytes have only just been described. However, adult Xenopus skin is 
known to express CFTR in its mucous glands (Engelhardt et al., 1994) 
and there has been one report of expression of CFTR in tailbud stage 
Xenopus embryos (Tucker et al., 1992). But the authors of this study 
used RT-PCR to check for expression and did not identify the expression 
pattern for CFTR in the embryo. Meanwhile, in the adult frog skin of other 
species (Bufo bufo), CFTR is expressed in the mitochondria-rich cells 
(Amstrup et al., 2001).  
 
Even if the ionocytes are not identical to the serous acinar cells, there are 
still some similarities in expression of certain transporters. For example, 
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both cell types express carbonic anhydrase enzymes for the regulation of 
proton and bicarbonate levels (Spicer et al., 1982), whilst ionocytes 
express the chloride-bicarbonate exchanger, pendrin, and serous acinar 
cells express a similar chloride-bicarbonate exchanger, AE2 (Loffing et 
al., 2000). Meanwhile, by analogy with the MR-cells of the adult skin and 
ionocytes in zebrafish larvae, one role of the ionocytes is believed to be 
the regulation of sodium and chloride uptake. This is very similar to what 
the serous acinar cells do, even if they achieve this regulation in a 
different way. This suggests that they could have a functional similarity 
with serous acinar cells in the mucociliary epidermis, but this awaits 
experimental confirmation. The similarity of ionocytes with serous acinar 
cells is discussed again in subsequent chapters.        
 
3.3.6 Future Experiments 
Other markers of ionocytes (e.g. pendrin and mct4) have not yet been 
assigned to a subtype. Combining these probes with probes for each of 
the two subtypes of ionocytes should help to further distinguish these cell 
types. To conclusively distinguish the morphological features of the two 
types of ionocytes, Immuno-EM is required and could be attempted again 
since only a single attempt was carried out previously. Testing for the 
expression patterns of CFTR and ENaC in the larval epidermis by in situ 
hybridization may also reveal how strong the similarity between ionocytes 
and serous acinar cells is. 
 
3.4 Conclusions 
To conclude, this chapter has enriched the relatively sparse information 
on the epidermal cell types in the larval epidermis of Xenopus tropicalis. 
A new cell type, termed ionocytes, was identified and probably has a role 
in controlling ionic balance (and pH) similar to the serous acinar cells in 
the mucociliary epithelium. The ionocytes arise in the epidermis by 
intercalation alongside ciliated cells, but how they are developmentally 
regulated is not known. Given that one of the markers of ionocytes was 
the foxi1e transcription factor, it was suspected that it might have a role in 
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their development. To test this hypothesis, foxi1e was knocked down and 
misexpressed. Chapter 4 looks at the impact of these genetic 
manipulations.  
 
 
 
 
 
Comment: During the final preparations of this thesis, a paper was published describing 
the ionocytes in the larval epidermis of Xenopus laevis (Quigley et al., 2011). This paper 
supports many of the findings presented in this chapter for Xenopus tropicalis. This 
includes the description of two subtypes of ionocytes that are equivalent to the INC 
population and show strong similarities with the intercalated cells of the kidney. They 
also conclusively show by transplantation assays that the ionocytes intercalate into the 
outer layer during development. In addition to the markers presented in this chapter, this 
paper also reports expression of a number of other subunits of v-ATPase expressed in 
the ionocytes and they confirm that one population of ionocytes has mainly apical 
membrane distribution of v-ATPase, whilst the other has basolateral and cytoplasmic 
distribution of this transporter. They also identify the expression of another carbonic 
anhydrase, ca2, although its subtype specificity is not determined. Finally, they show 
that pendrin is expressed in the same cells as the basolateral/cytoplasmic v-ATPase 
(this is equivalent to the Type 2 cells presented in this chapter) and another chloride-
bicarbonate exchanger gene, ae1, is expressed in the ionocytes with apical v-ATPase 
(Type 1 ionocytes). They show that the ae1 protein is distributed to the basolateral 
membrane.  
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Chapter 4 Foxi1e regulates the development 
of ionocytes 
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4.1 Introduction 
Now that the ionocytes have been identified as a new cell type in the 
epidermis, their function can be assessed. One way to assess their 
function is to look at how they are developmentally regulated. If it is 
known how they are regulated, then it may be possible to manipulate their 
function and determine the effects on the epidermis. Foxi1e is found in 
Xenopus ionocytes (chapter 3) and its homologues in zebrafish are 
known to regulate the function of ionocytes (Jänicke et al., 2007). 
Therefore, in this chapter the impact of manipulating foxi1e expression on 
ionocyte markers is tested. 
 
4.2 Results 
 
4.2.1 Foxi1e shows homology to human FOXI1 
The protein sequence of Xenopus tropicalis foxi1e (xtfoxi1e) is 93% 
identical to Xenopus laevis foxi1e (xlfoxi1e) and shows 70% identity with 
human FOXI1 (Figure 4.1A). The alignment of xtfoxi1e with human FOXI1 
is shown in Figure 4.1B. The putative forkhead DNA binding domain 
(shown in red) is completely conserved between human and Xenopus 
tropicalis forms of Foxi1. The homology between xtfoxi1e and zebrafish 
forms of the protein is weaker. The two zebrafish foxi3 proteins (found in 
ionocytes), foxi3a and foxi3b, show 50% and 51% identity with xtfoxi1e, 
respectively. Another protein, identified to act upstream of the two foxi3 
genes is zebrafish foxi1 (Solomon et al., 2003). However, this has only 
46% identity with xtfoxi1e. Given the greater similarity between human 
and Xenopus Foxi1, Xenopus is perhaps a better system in which to 
probe the functions of this protein than zebrafish. 
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Figure 4.1 Foxi1e homologues in other organisms 
(A) Comparison of the protein sequence of Xenopus tropicalis (xt) foxi1e to relatives in Xenopus laevis (xl), 
human (h) and zebrafish (z). Foxi1e in Xenopus laevis is 93% identical to the protein in Xenopus tropicalis, 
whilst human FOXI1 is 70% identical. Zebrafish foxi1, foxi3a and foxi3b are less homologous to Xenopus 
tropicalis foxi1e. (B) Full alignment of human FOXI1 with Xenopus tropicalis foxi1e. Amino acid sequence 
number is shown at the end of each line. Putative forkhead DNA binding domain is conserved and highlighted 
with a red line (position 123-217) 
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4.2.2 Misexpression of foxi1e causes upregulation of v1a 
To look at the impact of foxi1e on the development of ionocytes, C-
terminal tagged foxi1e-HA was misexpressed in one cell of a two-cell 
stage embryo and the impact on the ionocyte marker, v1a, was assessed. 
The lineage marker, β-galactosidase RNA, was injected alongside foxi1e-
HA RNA so that the injected side of the embryo (stained blue after X-Gal 
treatment) could be distinguished from the uninjected side (Figure 4.2A). 
V1a was clearly upregulated in the injected side compared to the 
uninjected side (Figure 4.2A). This was repeated in three independent 
experiments and the upregulation of v1a was evident in almost every 
embryo analysed (19/23 embryos). These experiments suggest that 
foxi1e acts upstream of v1a as a transcriptional activator, either directly or 
indirectly. 
 
The effect of overexpressing foxi1e-HA on ciliated cell expression was 
also analysed by combining in situ hybridization for v1a and antibody 
staining for acetylated α-tubulin (Figure 4.2B). In regions of the epidermis 
where v1a was significantly upregulated, this correlated with a decrease 
in signal for the ciliated cell marker, acetylated α-tubulin. This was 
confirmed in sections comparing ‘uninjected’ to ‘injected’ sides (Figure 
4.2B). In the uninjected side, ciliated cells were interspersed with v1a 
ionocytes, whilst in the injected side, the abundance of v1a ionocytes in 
the epidermis resulted in a loss of ciliated cells. Only a limited number of 
embryos were tested for the expression of acetylated α-tubulin in regions 
over expressing v1a, but the results were consistent (7/7 embryos). The 
simplest explanation is that the misexpression of foxi1e causes 
differentiation into an ionocyte fate rather than a ciliated cell fate. The 
apparent activation of v1a expression when foxi1e is misexpressed 
suggests that if the transcription factor is knocked down, a loss of 
ionocyte markers would be apparent. This was tested next. 
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Figure 4.2 Misexpression of foxi1e causes increase in ionocytes at the expense of ciliated cells 
(A) Embryos injected in one cell of a two-cell stage with fox1e-HA RNA (250 pg) and β-galactosidase RNA 
(250 pg; marks injected side; blue) were hybridised with the v1a probe at neurula stage. Whole mount embryo 
is shown in the orientations indicated. In three independent experiments, a total of 19/23 embryos showed 
upregulated v1a expression on the injected side following foxi1eHA injection. Scale bar, 250 µm. (B) Injected 
side of embryo (st. 27) shown at low magnification, high magnification and in cross section (left to right). Upper 
and lower panels represent the same embryo and the same field of imaging, with upper panels showing in situ 
hybridization with the v1a probe (purple) and lower panels showing antibody staining for the ciliated cell 
marker acetylated α-tubulin. Parallel lines in high magnification images show region sectioned. Sectioned 
images show abundance of v1a ionocytes on the injected side (In) compared to the uninjected side (Un). 
Ciliated cells were absent in regions overexpressing v1a (7/7 embryos) and this is emphasized by comparison 
of injected side with uninjected side in cross sections. Scale bar, 500 µm for low magnification; 250 µm for high 
magnification and 100 µm for sections 
 
 
4.2.3 Foxi1e knockdown by morpholino injection 
To knockdown levels of foxi1e protein in Xenopus embryos, morpholinos 
were injected into the one-cell stage embryo. Morpholinos are modified 
antisense oligonucleotides that bind to mRNA and prevent translation into 
the protein product. Typically, two types of morpholinos are used; one 
that blocks splicing of introns and one that prevents translation by 
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blocking the progress of ribosomes. These are commonly known as 
splice morpholinos and ATG morpholinos, respectively. Both types of 
morpholino were used in this study. 
Foxi1e has two exons either side of an intron (483 bases). Following 
splicing, the mature mRNA has a length of 1122 bases. When translated, 
the protein is 373 amino acids long with expected molecular weight of 41 
kDa. The translation blocking morpholino was designed directly over the 
ATG translation start site, whilst the splice morpholino was designed over 
the splice donor site to target the pre-splice mRNA product and prevent 
splicing. This is summarised in Figure 4.3A. 
The best way to show knockdown of endogenous protein following 
application of either ATG or splice morpholinos is to use an antibody and 
look for loss of signal in a western blot. The foxi1e antibody was 
generated as outlined in chapter 3 and it was used successfully by 
immunofluorescence (Figure 3.5D). However, the endogenous foxi1e 
protein could not be detected in western blot.  As a result, new methods 
were needed to test the efficacy of the morpholinos. 
For the ATG morpholino, exogenous knockdown of the HA-tagged foxi1e 
protein in embryos was tested by western blot. Because the morpholino 
targets the start of the ATG sequence of foxi1e, it was expected to 
recognise and prevent translation of exogenous foxi1e-HA RNA as well 
as endogenously generated RNA. Embryos injected with foxi1e-HA 
alone, or together with the foxi1e ATG morpholino, at the one cell stage 
were raised until gastrula stage (stage 10) before the lysate was 
extracted and used in western blot (see methods for details). The same 
procedure was carried out with a morpholino control (MOC). Using an 
anti-HA antibody, lysate from embryos injected with foxi1e-HA alone was 
compared with lysate from embryos injected with both the HA construct 
and the foxi1e ATG morpholino. The blot in Figure 4.3B showed that the 
morpholino prevented the generation of foxi1e-HA protein. This indicated 
that the ATG morpholino is effective at recognising foxi1e and preventing 
its translation. The ubiquitously expressed gene, α-tubulin was used as a 
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loading control to ensure equivalent loading between lanes. Injection of 
MOC together with the foxi1e-HA RNA had no effect on the HA signal. 
Splice morpholinos can be tested by reverse transcriptase (RT)-PCR 
since the splice product will be either absent or altered if the splice 
morpholino is effective. Primers were designed in exons 1 and 2, either 
side of the intron. RNA was extracted from embryos injected with either 
foxi1e splice morpholino or MOC (see methods) and reverse transcribed 
to make cDNA products of all the expressed RNAs. The primers were 
then used in PCR to test for the presence of the splice product, which 
was expected to be 162 bp long. With the MOC, there was a clear band 
corresponding to the splice product (Figure 4.3C – see *). However, with 
injection of splice morpholino, this band was reduced significantly. At the 
same time, a band at 645 bp (**), corresponding to the unspliced product 
(i.e. including the intron), was increased for the splice morpholino 
compared to the MOC. In summary, this suggests that the splice 
morpholino is effective at preventing splicing. The unspliced product is 
either degraded or inappropriately translated, which is equivalent to a 
knockdown. Primers designed against the ubiquitously expressed gene, 
ornithine decarboxylase (odc), were used as a loading control to ensure 
equivalent amounts of material were used for MOC-treated embryos as 
for foxi1e splice morpholino-treated embryos. 
Because both the ATG morpholino and the splice morpholino were 
capable of affecting foxi1e expression both were then used to look at the 
impact on the ionocyte markers v1a and ca12.  
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Figure 4.3 Foxi1e knockdown using ATG and splice morpholinos 
(A) Foxi1e gene structure. The foxi1e gene has two exons (E1 and E2) either side of a single intron (I). The 
first morpholino was designed over the ATG translation start site (red) to inhibit translation. The second 
morpholino was designed over the exon-intron splice site (blue) to inhibit the splicing event. (B) Western blot 
to show that the foxi1e ATG morpholino can recognise the RNA and knockdown translation. Foxi1e-HA (500 
pg). RNA was injected into 1-cell stage embryos alone, together with foxi1e ATG morpholino or together with a 
morpholino control (MOC). The foxi1e ATG morpholino prevents translation of foxi1e-HA protein, as can be 
seen by the absence of a band corresponding to foxi1e-HA. With MOC injection alongside foxi1e-HA, there is 
no such loss in the foxi1e-HA band, showing the effectiveness of the ATG morpholino. Anti-α−tubulin shows 
equivalent loading in each lane. (C) RT-PCR shows loss of splice product in presence of foxi1e splice 
morpholino. When correctly spliced, a band of 162 bp is expected corresponding to the splice product and this 
was the case for MOC-treated embryos (*). However, with the foxi1e splice morpholino this band is reduced 
indicating an inhibition of splicing. Instead there is a band at 645 bp, which corresponds to the unspliced 
product (**). The loading control (odc primers) shows equivalent loading between control and experimental 
morpholinos. Morpholinos used at a dose of 20 ng. 
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4.2.4 Foxi1e knockdown causes a loss in v1a gene expression 
V1a was used as a marker to test the impact of foxi1e knockdown on 
ionocytes at the transcript level. MOC-treated embryos were compared to 
foxi1e splice morpholino and foxi1e ATG morpholino treated embryos. 
Embryos were fixed at stage 25 and in situ hybridization was carried out 
using a probe for v1a. MOC-treated embryos showed the typical dense, 
scattered spotted pattern associated with ionocytes (Figure 4.4; 9 
embryos were analysed). For the splice morpholino treated embryos, 
there were no obvious developmental defects, but there was a significant 
reduction in the number of v1a positive cells (11/11 embryos showed this 
loss). This is most obvious when comparing the high magnification 
images of MOC-treated embryos with splice MO treated embryos (Figure 
4.4). However, it was with the foxi1e ATG morpholino that the most 
striking result was found. The embryos developed fairly normally until late 
neurula stages, but then appeared stunted in development and remained 
shortened compared to control embryos. In terms of v1a expression, a 
complete loss of the marker was observed in all embryos tested (11/11 
embryos). Together these results suggested that endogenous v1a 
expression is under the control of foxi1e, but also that the ATG 
morpholino is the most effective morpholino to use.  
 
To test the specificity of the phenotype in terms of v1a expression, the 
impact on ciliated cells was also assessed using the α-tubulin marker. 
There was no evidence for the loss of ciliated cells in either the splice 
morpholino treated embryos (13 embryos), or the ATG morpholino 
treated embryos (10 embryos) compared with controls (11 embryos; 
Figure 4.4). This lack of effect on the presence of ciliated cells is 
supported by results in Figure 4.6 and chapter 5. In summary, the loss of 
foxi1e leads to a specific effect on markers in the ionocytes. To confirm 
these results at the protein level, the antibodies to v1a and ca12 were 
employed in immunofluorescence on foxi1e morphants. 
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Figure 4.4 Foxi1e knockdown leads to a loss of ionocyte markers at the transcript level 
in situ hybridization to test the effect of foxi1e knockdown on v1a expression using the two foxi1e morpholinos. 
Embryos are shown at high magnification and low magnification. There is a reduction in v1a expression in 
foxi1e splice morphants (11/11 embryos) compared to the MOC (9 embryos). This loss in v1a expression is 
even more apparent for the foxi1e ATG morpholino. In fact, a complete loss of v1a expression is evident 
(11/11 embryos). A probe to α-tubulin shows no marked difference in expression between MOC (11 embryos), 
foxi1e splice morphants (13 embryos) and foxi1e ATG morphants (10 embryos). Morpholinos used at a dose 
of 20 ng. Scale bars, 500 µm. 
 
4.2.5 Impact of foxi1e ATG morpholino confirmed at the protein level 
The foxi1e ATG morpholino was the most effective morpholino in terms of 
the phenotype seen and the loss of v1a transcript. As a result, this 
morpholino was used in the subsequent experiments. Given the 
difficulties with the foxi1e antibody in western blot, immunofluorescence 
was used to confirm knockdown of the foxi1e transcription factor at the 
protein level. As Figure 4.5A shows, there was a large reduction in the 
number of cells staining positively for foxi1e in ATG morphant embryos 
(11/12 embryos showed a reduction) compared to controls (10 embryos). 
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Meanwhile, the antibodies to v1a and ca12 showed a complete loss or 
large reduction in the expression of both of these markers compared to 
controls (Figure 4.5B). These results were quantified over five 
independent experiments. 34/35 embryos showed a loss in v1a 
expression in ATG morphant embryos compared to 0/35 embryos for 
MOC-treated embryos.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 4.5 Foxi1e knockdown leads to a loss of ionocyte markers at the protein level by 
immunofluorecence 
(A) Endogenous knockdown of foxi1e is evident using anti-foxi1e antibody on foxi1e ATG MO treated embryos 
compared to MOC-treated embryos. It is clear from the images that there is a significant reduction in the 
number of cells positive for foxi1e in foxi1e morphants compared to controls. 11/12 foxi1e ATG morphants 
showed a clear reduction in foxi1e positive cells compared to MOC-treated embryos (10 embryos). Scale bar, 
50 µm. (B) Antibodies to v1a and ca12 show a complete loss of expression or large reduction in foxi1e 
morphants compared to controls. For quantitation results using v1a and ca12 antibody were combined. n = 5 
experiments, 34/35 embryos showed loss of the ionocyte markers (v1a or ca12) in ATG morphants compared 
to control embryos (0/35 embryos). Morpholinos used at a dose of 20 ng. Scale bars, 50 µm. 
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Together with the loss of v1a transcript, these results confirmed that 
foxi1e is an upstream regulator of the ionocyte markers. However, using 
markers alone, does not distinguish between the direct impact of foxi1e 
on the transcription of these markers and the possibility that foxi1e affects 
the differentiation of the whole cell type. Both possibilities would give the 
same result (i.e. a loss in marker expression). To make this distinction, 
additional experiments were undertaken to look at the impact of foxi1e 
knockdown. 
 
4.2.6 Foxi1e knockdown causes a loss in epidermal ionocytes 
Three approaches were taken to test the hypothesis that foxi1e controls 
the differentiation of ionocytes. The first approach was to probe for foxi1e 
gene expression after knockdown of foxi1e with the ATG morpholino. The 
principle of this experiment was that the ATG morpholino blocks 
translation, but not transcription. Therefore, if the ionocyte cell types were 
still present in the epidermis then foxi1e RNA would still be generated 
and could be probed for by in situ hybridization. One caveat to this is if 
the foxi1e transcription factor positively regulates itself. If this is the case, 
loss of foxi1e transcript could be caused by a loss in foxi1e protein. 
However, given that no other early markers of ionocytes are known, 
assessing the impact on the foxi1e transcript was a reasonable 
experiment.  
 
Embryos injected with either MOC or foxi1e ATG morpholino were fixed 
at late neurula stage (st. 18-20) and tailbud stage (stage 25) and probed 
for foxi1e transcript by in situ hybridization (Figure 4.6A). There was a 
large reduction in epidermal foxi1e positive cells in the ATG morphant 
embryos compared with controls. In two independent experiments, 35/35 
embryos showed a clear reduction in foxi1e expression compared to 
controls (34 embryos). The simplest explanation for this result is that loss 
of the foxi1e transcription factor prevents initial differentiation and 
formation of ionocytes in the epidermis. However, an unexpected 
expression pattern was seen in the ATG morphant embryos in the 
posterior region around the former blastopore (highlighted with arrows in 
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Figure 4.6A). This part of the embryo stained weakly for foxi1e in MOC-
treated embryos, but was much more densely expressed in foxi1e 
morphant embyos. In the previous experiments to test ionocytes markers, 
none of the markers were upregulated in this region upon foxi1e 
knockdown. The interpretation of this result is not clear, but is elaborated 
upon in the discussion. 
 
To look at the epidermis of foxi1e morphants as a whole, two different 
experiments were undertaken. First of all, cell boundary markers (anti-
ZO1 and Phalloidin-Alexa Fluor 488) were used together with the ciliated 
cell marker, acetylated α-tubulin. As described in chapter 3, ciliated cells 
and ionocytes intercalate into the outer layer of the epidermis between 
goblet cells. As reported previously, ciliated cells adopt a regular spacing 
pattern between the goblet cells, whilst ionocytes intercalate more 
randomly at cell-cell boundaries (Stubbs et al., 2006). In the absence of 
ionocytes, a ‘rosette’ formation of goblet cells around ciliated cells would 
be expected because of the regular intercalation of ciliated cells. In the 
normal situation of ionocytes intercalating alongside ciliated cells this 
rosette formation would be broken by the random intercalation of 
ionocytes. As evident in Figure 4.6B, MOC-treated embryos generally did 
not show rosette formation around the ciliated cells, whereas foxi1e 
morphant embryos did clearly show rosette-like patterning around the 
ciliated cells. This strengthens the argument that there is a missing cell 
type in the epidermis when foxi1e is absent and this is most likely to be 
the ionocytes. 
 
As earlier experiments showed, xeel-positive goblet cells make up the 
majority of the epidermis of tailbud embryos, with ciliated cells and 
ionocytes present in approximately equal numbers (Figure 3.7C). 
Therefore, one way to confirm that ionocytes are lost from the epidermis 
is to look at the distribution and numbers of the goblet cells and ciliated 
cells in foxi1e morphant embryos compared with controls. Stage 25 
embryos were used for this analysis to ensure that the small secretory 
cell types were not present to hinder the interpretation of the results. The 
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results of this experiment are shown in Figure 4.6C. By combining the α-
tubulin probe for ciliated cells with the antibody for xeel, the number of 
unstained cells (Ionocytes) could be compared between controls and 
foxi1e morphants. The results show a clear reduction in the number of 
unmarked cells in foxi1e morphants compared with controls. Indeed, in 
the example shown in Figure 4.6C, there is only one cell that is not 
stained at all in the foxi1e morphants, whereas many cells remain 
unstained in the controls. The most obvious interpretation is that the 
ionocytes are absent from the epidermis as the other experiments also 
suggest.  
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Figure 4.6 Foxi1e controls the formation of ionocytes in the epidermis 
(A) in situ hybridization for foxi1e probe, at st 18 and st 25, following injection of either MOC or foxi1e ATG 
morpholino at 1-cell stage. Image at stage 18 shows a clear reduction in expression of foxi1e in the epidermis 
of foxi1e ATG morphants compared to controls. This suggests that the cell type is depleted from the 
epidermis. A patch of cells (arrow) in the posterior region is more evident in the foxi1e morphants than control 
embryos, where it is weakly expressed. Scale bars, 500 µm for low magnification and 250 µm for posterior 
staining.  By stage 25, the depletion of foxi1e cells is still evident in foxi1e morphants and the posterior staining 
is even stronger (arrow). In two independent experiments, a total of 34/34 embryos showed reduction in foxi1e 
expression for foxi1e morphants compared to 0/34 for controls. Scale bars, 500 µm for lateral images and 250 
µm for posterior staining. (B) Cell boundary markers show loss of cell type. Using ZO-1 staining (green) in 
MOC-treated embryos, it is clear that there are numerous cell types surrounding ciliated cells (red). Inset 
shows zoom of one ciliated cell and several other cells surrounding the ciliated cell. In the foxi1e ATG 
morphant embryos, phalloidin staining (green) shows rosette formation (inset) around ciliated cells, indicating 
presence of a single cell type, rather than intercalated cells next to the ciliated cells. Scale bar, 50 µm. (C) α-
tubulin probe (upper panels) for ciliated cells together with xeel antibody staining (red - lower panels) shows 
that there are very few cells unaccounted for in foxi1e morphant embryos compared to controls (arrows). This 
strongly suggests that the ionocyte cell type is lost from the epidermis. Morpholinos used at a dose of 20 ng. 
Scale bar, 50 µm 
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4.3 Discussion 
In this chapter, the role of foxi1e in the development of ionocytes has 
been assessed using both ionocyte markers and whole epidermal 
analysis. Looking at the expression of v1a and ca12 at the gene and 
protein level in foxi1e misexpressed and morphant embryos showed that 
foxi1e regulates the expression of these markers. Furthermore, 
experiments using early markers of ionocytes (e.g. the foxi1e gene) and 
markers for the other two cell types (ciliated cells and goblet cells) 
showed that ionocytes are no longer present in the epidermis in foxi1e 
morphants. This work represents the first description of ionocytes, their 
associated markers and the impact of foxi1e knockdown on these cells in 
Xenopus. However, the dynamic expression pattern and knockdown of 
foxi1e in early Xenopus embryonic development has been studied before, 
in Xenopus laevis, with some differing conclusions (Mir et al., 2008; Mir et 
al., 2007; Suri et al., 2005). At the time, these reports did not take into 
account the cell type in which foxi1e is expressed. This is certainly a 
limitation of these studies and was corrected here. Some parts of these 
earlier reports are complementary to what has been found here and these 
are discussed together with the conflicting data.  
 
4.3.1 The scattered epidermal distribution of foxi1e 
Although notch signalling is believed to be important in generating the 
mosaic expression pattern of foxi1e, as discussed for ciliated cells and 
INCs, its initial expression is believed to be determined by signalling from 
the vegetal pole (Mir et al., 2008). The results presented in chapter 3 
(Figure 3.5A) show that foxi1e is first expressed in the animal pole at 
early gastrula stages and subsequently spreads across the epidermis 
during gastrulation. However, Mir et al (2008) showed that foxi1e is 
actually first expressed specifically in the dorsal animal pole and then 
extends ventrally, before being downregulated in the dorsal regions prior 
to neurulation. They propose a model whereby the dynamic expression of 
foxi1e is controlled by various signalling pathways acting both in parallel, 
and sequentially.  
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The results and model by Mir et al (2008) are summarised as follows and 
is illustrated diagrammatically in Figure 4.7. In late blastula stages, foxi1e 
is expressed in a restricted number of cells in the inner layer of the dorsal 
animal pole. The origin of these first few cells is unknown, but the levels 
of expression are restricted in this region by vegT-nodal signalling from 
the vegetal pole. Meanwhile, the mosaic pattern is maintained by the 
TGFβ ligand, vg1 by long-range activation of notch signalling in the 
animal pole. As gastrulation progresses and the signals from vegT 
weaken, this allows foxi1e to spread to the ventral side of the animal pole, 
whilst the mosaic pattern is maintained by notch signaling. By the end of 
gastrulation, foxi1e has spread throughout the ectoderm, but at the onset 
of neurulation, its expression is downregulated at the dorsal animal pole. 
This downregulation is believed to be due to the dependence of foxi1e on 
BMP signalling. In the ventral regions, BMP signalling is strong, so foxi1e 
persists, whereas in the dorsal regions, BMP inhibitors restrict BMP 
signalling (Sasai et al., 1995) leading to a downregulation of foxi1e 
dorsally. This coincides with the specification of the neural plate (De 
Robertis and Kuroda, 2004).  
 
The results presented in this chapter do not disagree with those by Mir et 
al (2008), since the mechanism of foxi1e expression was not explicitly 
studied. Indeed, one of the surprising results in this chapter was that 
foxi1e gene expression seems to be upregulated in the posterior region 
upon depletion of the foxi1e protein. The model by Mir et al (2008) may 
well provide some explanation for this phenomenon. One possibility is 
that in the absence of foxi1e protein, the expression is unable to spread 
ventrally and so remains expressed dorsally (and cells increase in 
number through division) up to the early neurula stage. When it is 
supposed to be downregulated dorsally, perhaps more foxi1e-expressing 
cells persist and are not downregulated. This would be consistent with its 
expression pattern in the posterior region, near the former blastopore. 
Indeed, wild type embryos also show some expression in this posterior 
region, so perhaps not all of the foxi1e cells are downregulated dorsally 
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upon neurulation. This theory is presented in the model in Figure 4.7. 
However, this is only a hypothesis and with the current data it is not 
possible to know for certain why foxi1e shows increased expression in 
this region. To test this hypothesis would require markers of the same 
region to determine exactly which cells these represent and perhaps live 
imaging to monitor the changing expression pattern of foxi1e. This could 
be achieved with a promoter for foxi1e, for example. Another more simple 
possibility for the enhanced expression in the posterior region is that 
perhaps foxi1e usually negatively regulates its own promoter in this 
region, whereas in the absence of foxi1e protein it can no longer do that 
and so an increase in transcript is evident. This type of negative 
regulation is quite a common phenomenon for Fox family transcription 
factors (personal communication with Nancy Papalopulu). 
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Figure 4.7 A model for the dynamic expression of foxi1e and potential impact of foxi1e knockdown 
Model adapted from Mir et al (2008). (A) Late blastula stage embryos express foxi1e RNA in a few cells 
(purple) in the inner layer of the dorsal animal hemisphere. VegT expression from the vegetal pole prevents 
ventral spreading of foxi1e. Vg1 activates Notch signalling to generate the mosaic expression of foxi1e. (B) By 
mid-gastrula stage, signaling from the vegetal pole has weakened, allowing expansion of foxi1e to the ventral 
animal hemisphere. Notch signaling maintains the mosaic expression pattern. (C) By early neurula stages, 
mosaic foxi1e expression becomes BMP-dependent and restricted to the ventral ectoderm. BMP inhibitors are 
released from the dorsal mesoderm in preparation for CNS development and this results in a loss of foxi1e 
expression in the dorsal animal hemisphere. (D) During neurula stages, foxi1e cells that will become mature 
ionocytes intercalate from the inner layer to the outer layer as the neural tissue develops in dorsal regions. (E) 
Tailbud stage embryos express foxi1e in a scattered distribution. (F and G) A model for foxi1e knockdown 
phenotype. (F) Application of foxi1e morpholino prevents translation of the foxi1e transcription factor and 
inhibits mosaic expression and expansion into ventral regions. As a result, cell division enhances foxi1e-
expressing cells in dorsal regions. During gastrulation, tissue movements as the blastopore closes may cause 
the final position of foxi1e expressing cells to differ from controls. (G) As the embryo develops, the foxi1e 
expressing cells become localized to the posterior region rather than in epidermal ionocytes. The embryo is 
also stunted in anterior-posterior growth. Abbreviations: dorsal (d), ventral (v), anterior (a), posterior (p). 
 
 148 
4.3.2 A role for foxi1e in gastrulation? 
In the other studies into the function of foxi1e in the epidermis of Xenopus 
laevis, a role for foxi1e in gastrulation was proposed. In two separate 
studies, foxi1e was reported to be both an inhibitor of mesendoderm 
formation and an activator of ectodermal cell fate (Mir et al., 2007; Suri et 
al., 2005). Knockdown of foxi1e was reported to induce medoserm 
formation and result in a loss of ectodermal markers such as epidermal 
keratin (Suri et al., 2005). Whilst the results presented in this chapter did 
not look at the impact of foxi1e knockdown on mesoderm formation, there 
did not appear to be any effect on the epidermis other than the specific 
effect on the ionocytes. Meanwhile, the reports that foxi1e is a general 
activator of ectodermal fate, is also not supported by the results 
presented here. It has been reported that foxi1e knockdown leads to a 
loss of ciliated cells (Mir et al., 2007) from the epidermis. However, this 
was not seen here. Instead, both goblet cells and ciliated cells remained, 
whilst ionocytes were lost from the epidermis. Since both of these 
previous studies did not identify the cell type that foxi1e is expressed in, 
the interpretation of their results may be misleading. Whilst multiple roles 
for foxi1e in development cannot be ruled out, the results presented in 
this chapter are most consistent with a specific role for foxi1e in 
regulating ionocyte differentiation. But is there any precedence for this 
role in other systems?    
 
4.3.3 Mammalian Foxi1 knockout 
In the kidney, Foxi1 is found in both types of intercalated cells in the 
collecting duct. Foxi1-/- null mice showed significant changes in the 
epithelium of the collecting duct, specifically a lack of intercalated cells 
(Blomqvist et al., 2004). This was shown by TEM, where Foxi1-/- 
collecting duct tissue lacked the characteristic mitochondria-rich 
intercalated cells. Meanwhile proteins specific to the two types of 
intercalated cells were also absent. In the absence of intercalated cells, a 
single cell type having properties of both intercalated and principal cell 
types exists (Blomqvist et al., 2004). This study indicates that Foxi1 is 
controlling the differentiation of the intercalated cell types, which exactly 
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mirrors what was observed in the present study for ionocytes. It has been 
suggested that Foxi1 controls not only the expression of the ion 
transporters such as v-ATPase (Kurth et al., 2006; Vidarsson et al., 2009) 
in intercalated cells, but also genes that control the cell shape, the 
presence of microvilli and apical functions - its complete differentiation 
(Al-Awqati and Schwartz, 2004). Inner ear expression of Foxi1 has also 
been described. Foxi1 knockout is associated with a change in the 
structure of the inner ear epithelium, which becomes quite irregular, 
indicative of a defect in cell differentiation (Vidarsson et al., 2009). 
 
Results in zebrafish also suggest that foxi1e (foxi3 in zebrafish) is a 
master regulator of cell differentiation, not just a transcription factor that 
controls expression of ion transporter genes. 
 
4.3.4 Knockdown of foxi3a and foxi3b in zebrafish 
In zebrafish, the closest homologues to mammalian Foxi1 and Xenopus 
foxi1e are the two genes, foxi3a and foxi3b (Figure 4.1A). These genes 
are expressed in v-ATPase-rich and Na+/K+-ATPase-rich ionocytes, 
respectively. Several studies have reported that these transcription 
factors are necessary for the differentiation of skin and gill ionocytes, as 
well as their function in controlling expression of the ion transporters in 
zebrafish (Esaki et al., 2007; Esaki et al., 2009; Hsiao et al., 2007; 
Jänicke et al., 2007). Upon foxi3a depletion, v-ATPase-rich ionocytes are 
lost from the epidermis of zebrafish larvae and this has a knock-on effect 
on Na+ ion accumulation, as this type of ionocyte is believed to be the 
major site of Na+ uptake (Esaki et al., 2007). The impact on ionocyte 
differentiation was tested independently of v-ATPase expression to 
ensure that the effect wasn’t simply a transcriptional knockdown of v-
ATPase rather than a loss in the whole cell type. The lectin, concanavalin 
A (ConA) was found to bind specifically to v-ATPase rich ionocytes and 
when foxi3a was depleted, the signal from ConA was also lost (Esaki et 
al., 2007). This strongly suggests that the differentiation of this type of 
ionocyte is under the control of foxi3a. In another study, the mitochondria 
marker MitoTracker was used to mark both types of mitochondria-rich 
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ionocytes (Hsiao et al., 2007). In foxi3a morphants, MitoTracker was not 
visible in either type of ionocytes, suggesting that foxi3a is needed for the 
differentiation of both v-ATPase-rich and Na+/K+-ATPase rich ionocytes. 
 
4.3.5 Future Experiments 
The loss of ionocytes from the epidermis is accompanied by strong foxi1e 
gene expression in the posterior region around the former blastopore. 
Expression was also observed in this region of wild types but at a lower 
level. With the current data it is not possible to determine the reason for 
the enhanced expression in the morphants. As well as doing a time 
course of expression at different stages in foxi1e morphants, the dynamic 
changes in foxi1e during development can be studied live. Currently there 
is ongoing work in our lab to isolate the foxi1e promoter (Love et al, 
unpublished data) and preliminary results are positive. By cloning the 
promoter upstream of GFP and performing transgenesis (Ogino et al., 
2006), F0 embryos showed a scattered, spotted distribution that co-
localized with the anti-foxi1e antibody (data not shown). In future, this 
promoter, coupled to a tag such as GFP, could uncover the dynamic 
changes in expression pattern of foxi1e in live samples. This could then 
be used to observe the impact on the expression pattern in foxi1e 
morphants and test the model in Figure 4.7. In addition, such a promoter 
could be used to introduce new genes into the ionocytes, to determine 
their impact on the epidermis. For example, a toxin gene could be 
introduced to specifically destroy the ionocytes and compare the effects 
with morphant embryos (Smith et al., 2007). Targeted rescue 
experiments may also be achievable with such a promoter.   
 
4.4 Conclusions 
Xenopus foxi1e regulates the expression of ionocyte markers and their 
differentiation in the epidermis. When altering the levels of foxi1e by 
knockdown, ionocytes are depleted from the epidermis. Despite other 
proposed roles for foxi1e (Mir et al., 2007; Suri et al., 2005), the role most 
consistent with the data presented in this chapter is that foxi1e is a 
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master regulator of ionocyte differentiation and function. Research in both 
mammalian models of Foxi1 and zebrafish models of foxi3a/3b support 
this proposal. But a key question remains - what is the impact of losing 
these ionocytes on the rest of the mucociliary epidermis? This is 
investigated in Chapter 5.    
 
 
 
 
 
 
Comment: In the recently published paper about ionocytes in Xenopus laevis, the 
authors also show that foxi1e regulates expression of the ionocyte genes (Quigley et al., 
2011). By combining overexpression of foxi1e with a transplant assay (Stubbs et al., 
2006), they show that an increasing number of ionocytes intercalate into the outer layer. 
This is complementary to the results of the knockdown experiments in this chapter, 
which show that foxi1e is responsible for the generation of the ionocyte cell type and not 
just the transcription of the markers. Quigley et al also show that foxi1e acts 
downstream of notch signalling in the generation of ionocytes (i.e. notch signalling 
restricts the population and then foxi1e is reponsible for their differentiation).   
 152 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 5 Loss of ionocytes causes defects 
in the mucociliary epidermis 
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5.1 Introduction 
The function of ionocytes in most systems is believed to be in the 
maintenance of ionic homeostasis and pH balance. Therefore, if the 
ionocytes are absent there may be a corresponding change or 
misregulation in ionic balance. This could have consequences for the rest 
of the epithelium in which the ionocytes are expressed. As the Xenopus 
embryonic epidermis is proposed to be a mucociliary epithelium, ionic 
balance may be necessary for its function, just as in the human airways 
(Fischer and Widdicombe, 2006). In this chapter, the impact of ionocyte 
depletion on ciliated cells and goblet cells is assessed using a 
combination of antibodies for immunofluorescence and electron 
microscopy to look at the ultrastructural impact on the epidermis.  
 
5.2 Results 
 
5.2.1 Loss of ionocytes causes a defect in ciliated cells 
The first sign of a potential impact of ionocyte depletion on the function of 
ciliated cells was apparent by observing the behaviour of the embyos. 
The polarised beating of the cilia on the epidermis usually causes the 
embryos to drift along the surface of the culture dish. However, in foxi1e 
morphants, this drifting motion was not apparent, indicating a defect in 
the beating of cilia.  
 
A simple way to test for any defects in the ciliated cells was to use the 
anti-AcTub antibody to image the cilia. Figure 5.1 shows the impact on 
cilia of the loss of ionocytes in the epidermis. Comparing control (MOC-
treated) embryos with foxi1e ATG morphants, showed that the loss in 
ionocyte markers, v1a and ca12, is accompanied by defective cilia. The 
zoomed in images showed that the cilia are shorter and fewer in number, 
and some are intertwined. In general, the signal from anti-AcTub staining 
was much weaker in the foxi1e morphants compared to the controls. To 
assess the significance of the findings, four independent experiments 
were carried out to compare MOC-treated embryos with foxi1e ATG 
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morphants. These results showed that a significant number of embryos 
had the defects in ciliated cells compared with controls (n = 4 
experiments; Mean = 88.1% +/- 9.5% (s.e.m) of foxi1e morphant embryos 
showed defective ciliated cells, Mean = 5.3% +/- 3% (s.e.m) of MOC 
embryos showed defective ciliated cells; t-test, P = 0.0018). A total of 
42/47 embryos showed defects in ciliated cells over the four experiments, 
whilst only 2/32 controls showed defects in the four experiments. 
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Figure 5.1 Loss of ionocytes leads to defective ciliated cells 
(A) Antibody staining of MOC and foxi1e ATG MO treated embryos, at stage 28, shows abnormal ciliated cells 
(red; anti-AcTub) in foxi1e morphants. There is an accompanying loss in v1a or ca12 (both green) indicating 
absence of ionocytes. Cilia are marked with acetylated α-tubulin. The cilia are shorter, fewer in number and 
appear intertwined. Scale bar, 50 µm for left and centre panels and 20 µm for zoomed images. (B) 
Quantitation of embryos showing defective ciliated cells. In four independent experiments, the numbers of 
embryos showing defects was significantly different in experimental samples compared to controls. Mean of 
88.1% +/- 9.5% of embryos showed defective ciliated cells in foxi1e morphants, whilst only 5.3% +/- 3% of 
MOC-treated embryos showed defects. T-test, **P = 0.0018. Morpholinos used at a dose of 20 ng 
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5.2.2 SEM reveals impact on mucociliary epidermis of losing 
ionocytes 
Scanning electron microscopy (SEM) was performed on a number of 
experimental and control embryos at stage 35. It was immediately evident 
that the ciliated cells in foxi1e morphant embryos were defective. Many of 
the ciliated cells showed severely shortened cilia and/or a reduction in the 
number of cilia per cell (Figure 5.2A, D and E). Other ciliated cells 
showed abnormal protrusions of cilia, with some splayed in different 
directions (Figure 5.2B and E) and some showed intertwined cilia arising 
from the centre of the cell (Figure 5.2C). It was difficult to interpret the 
impact of ionocyte depletion on the other cell types because much of the 
surface of foxi1e morphants was obscured by small ridges or microvilli 
(Figure 5.2B). The foxi1e morphant embryos did not seem to have the 
small secretory cells with apical pits (Figure 5.2D), but again the 
interpretation was difficult because of the lack of surface features across 
the whole epidermis. Indeed, interpreting the impact of losing ionocytes 
was difficult by SEM because the cells types are hard to distinguish, other 
than the ciliated cells. To gain a greater insight into the effect of foxi1e 
knockdown on the ultrastructure of the epidermis and specifically the 
impact on ciliated cells, embryos were sectioned and then analysed 
closely by immunofluorescence and TEM. 
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Figure 5.2 SEM shows defects in the mucociliary epidermis 
(A) Clear defects in ciliated cells are evident in foxi1e morphants, with much shorter and fewer cilia per cell 
(see arrows). (B) Presence of microvilli (arrow) is restricted to a subpopulation of cells in controls, but these 
microvilli or membrane ridges seem to be present throughout the epidermis of foxi1e morphant embryos. (C) 
Some ciliated cells in foxi1e morphant embryos show intertwined cilia (arrow) and a tendency to form in the 
centre of the cell. The number of cilia per cell is markedly reduced. (D) Absence of small cells with apical pits 
(arrows) in foxi1e morphants compared to controls. (E) High magnification comparison of ciliated cells shows 
the characteristic features of fewer, shorter and intertwined cilia in foxi1e morphants. Scale bars; 20 µm (A-C) 
and 10 µm (D-E). Morpholinos used at a dose of 20 ng. 
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5.2.3 Sections reveal mislocalization of ciliary machinery in foxi1e 
morphants 
 
By immunofluorescence, in MOC-treated embryos (Figure 5.3A), cilia 
clearly protruded (arrows) from the surface (white line) of the epidermis. 
However, in foxi1e morphant embryos (Figure 5.3B), a smaller number of 
cilia protruded from the surface. Indeed, traces of the surface (white line) 
show that a lot of the signal was below the surface. The high 
magnification image in Figure 5.3B, shows microtubles (arrow) within the 
cytoplasm of the cell. This suggests that the microtubule axonemes are 
still generated but the transport of the necessary machinery to the apical 
membrane for ciliogenesis is defective. 
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 Figure 5.3 Sections of anti-AcTub shows internal staining in foxi1e morphants 
(A) MOC-treated embryos sectioned and stained for anti-acetylated α-tubulin. Upper panels show low 
magnification image of ciliated cells and lower panels show higher magnification image of a ciliated cell. 
Arrows point to ciliated cells protruding from the surface and can be seen in brightfield. White lines represent a 
trace of where the surface of the epidermis is. (B) Foxi1e ATG MO-treated embryos sectioned and stained for 
anti-acetylated α-tubulin. Upper panels and lower panels represent low and high magnification, respectively. 
White lines represent a trace of the surface of the epidermis. Much of the anti-acetylated α-tubulin staining is 
below the surface, suggesting internal expression of ciliary axonemes (arrow). Scale bars, 10 µm. Morpholinos 
used at a dose of 20 ng. 
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TEM images of the ultrastructure of control embryos compared with 
foxi1e morphant embryos confirmed the defects in ciliated cells and 
revealed potential defects in other cell types. Foxi1e morphant embryos 
showed extensive mis-localization of basal bodies and ciliary rootlets in 
ciliated cells (Figure 5.4A-B). MOC-treated embryos showed localization 
of basal bodies exclusively to the apical membrane (arrowheads), whilst 
ciliary rootlets were positioned perpendicularly to the membrane so as to 
connect the cilia to the internal cytoskeleton (white arrow; Figure 5.4B). 
However, in foxi1e morphant embryos, basal bodies (arrowheads) and 
ciliary rootlets (white arrow) appeared randomly distributed within the 
cytoplasm. In fact, basal bodies were rarely found directly underneath the 
apical membrane. This would explain why so few cilia were seen 
protruding from the surface in SEM (Figure 5.2) and by anti-AcTub 
staining (Figure 5.3) in wholemount embryos. In addition, if some of the 
basal bodies within the cytoplasm can still act as a base for microtubule 
assembly then this would explain the internal staining of anti-AcTub in 
sections of foxi1e morphants (Figure 5.3B). Indeed, the micrographs of 
foxi1e morphants in Figure 5.4B seemed to show evidence of microtubule 
assembly within the cytoplasm (labelled MT). Finally, the small vesicles at 
the apical membrane usually found in ciliated cells (MOC, Figure 5.4B, 
black arrow) seemed to be multiplied in foxi1e morphants (black arrows in 
Figure 5.4A-B). There are many more of these vesicles than in controls 
and some have even fused together to form a large network of 
multivesicular bodies.  
 
The loss of ionocytes caused by foxi1e knockdown also appeared to 
impact on the other cells in the epidermis. As expected, the presumed 
ionocytes (mitochondria-rich cells with microvilli or small, apical vesicles) 
in Figure 3.11C and D were not observed in the TEM images of foxi1e 
morphant embryos. Unlike by SEM, the small secretory cells with apical 
pits were identified, but in the sections analysed appeared to be less 
frequent (data not shown). The goblet cells were also still present and 
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because of the absence of ionocytes occupied an even greater proportion 
of the epidermis and seemed to be larger in size. It was more difficult to 
judge the impact on the goblet cells than on the ciliated cells, but there 
were some differences compared with controls.  
 
The images of goblet cells in Figure 5.4C-D, show that in the absence of 
ionocytes, the large apical vesicles were still present at the apical 
membrane (arrows), but they did not appear to open out to the 
extracellular surface. As a consequence, the material within these 
vesicles was not evident on the surface, unlike in controls (arrowheads). 
The lack of vesicle opening seemed to create membrane ruffling or ridges 
in foxi1e morphant goblet cells and this may explain the surface 
structures seen by SEM. The high magnification view of one particular 
goblet cell in foxi1e morphants (Figure 5.4D) did show some electron 
dense material, but it did not resemble the material secreted from 
controls. Instead, the material seemed more dense and adherent to the 
surface. This may suggest some impact on the composition of the 
secretory material when ionocytes are depleted. These results suggest 
that there is some impact on goblet cells, perhaps in the secretion and/or 
composition of the material from the vesicles.  
 162 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4 TEM shows internal defects in ciliated cells 
(A) Comparing apical membranes of ciliated cells in control embryos with apical membranes of ciliated cells in 
foxi1e morphants. In controls, basal bodies are clearly localized underneath the apical membrane 
(arrowheads). In foxi1e morphants, there is little evidence of basal bodies at the apical membrane and instead 
they are distributed further into the cell (arrowheads). An abundance of small vesicles (arrow) are present at 
the surface of ciliated cells compared with only a few in controls. Scale bars, 1 µm. (B) View of cytoplasm in 
ciliated cells. In controls, basal bodies are seen at the apical membrane (arrowhead) and ciliary rootlets extend 
perpendicularly to the apical membrane (white arrow). In foxi1e morphants, the cytoplasm has mis-localized 
basal bodies (arrowheads) and ciliary rootlets (white arrow). Microtubules (MT) extend within the cytoplasm. 
An extensive network of multivesicular bodies (black arrows) is evident at the apical membrane. Scale bars, 1 
µm. (C) Goblet cells at low magnification. Controls show open vesicles (arrow) and secretory material at the 
extracellular surface (arrowhead). Foxi1e morphants have closed vesicles (arrow) and there is an apparent 
lack of secretory material at the surface. Scale bars, 2 µm. (D) High magnification views of goblet cells at 
apical membranes. Controls show open vesicles (arrow) actively secreting material (arrowhead), whilst foxi1e 
morphants have closed vesicles and, in this example, an electron dense material coating the surface 
(arrowhead). Scale bars; 1 µm for MOC, 500 nm for foxi1e ATG MO. Morpholinos used at a dose of 20 ng. 
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5.2.4 Mosaic analysis indicates non-cell autonomous effect of 
ionocytes on ciliated cells 
Since foxi1e is not expressed in ciliated cells, the defect upon foxi1e 
knockdown is expected to be non-cell autonomous. To test this, 
experiments to generate mosaic embryos expressing wild type tissue 
adjacent to morphant tissue were carried out. Initially, mosaics were 
generated by injection of foxi1e morpholino in one cell (fated to become 
epidermal tissue) of a 32-cell stage embryo. However, when the embryo 
developed and morphant tissue was imaged, it was found that the mosaic 
pattern was scattered in the epidermis, rather than in one region (data not 
shown). Because the idea of the experiment was to see if morphant 
tissue could have an impact on neighbouring wild type ciliated cells, it 
was not ideal to have a scattered mosaic distribution. Therefore a 
transplant assay was used to graft morphant tissue onto wild type 
embryos.  
 
A small amount of epidermal tissue from gastrula stage embryos injected 
with the foxi1e ATG morpholino was transplanted onto wild type embryos 
at the same position, and the embryos were allowed to develop until 
stage 28 (see methods). The subsequent mosaic embryos were then 
assayed with the ionocyte marker, anti-v1a and the ciliated cell marker 
anti-acetlyated α-tubulin. Morphant tissue was distinguished from wild 
type tissue because the foxi1e morpholino was tagged with FITC epitope 
that fluoresces green. The method is summarised diagrammatically in 
Figure 5.5A. The two tissues were compared to each other with particular 
emphasis on the border region. The idea was that if loss of ionocytes 
affects ciliated cell development, then perhaps at this border region there 
is an impact on wild type ciliated cells. The alternative is that wild type 
ionocytes can rescue the defective ciliated cell phenotype within the 
morphant tissue. 
 
Of the small sample size analysed (6 embryos), all showed defective 
ciliated cells in the morphant tissue compared to wild type tissue. In 
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addition, in some of the border regions there was an apparent ‘cross-
border’ effect. In the example shown, (Figure 5.5B low magnification and 
high magnification) an apparent rescue of the defects in ciliated cells was 
seen at the border region. The ciliated cells marked with arrows were 
clearly inside the morphant tissue, but looked normal (i.e. comparable 
with wild type tissue) compared with other ciliated cells within the 
morphant tissue (arrowheads). The key difference was the presence of 
adjacent ionocytes, as judged by expression of anti-v1a antibody. The 
apparently normal ciliated cells were surrounded by ionocytes, whilst the 
defective ciliated cells were much further away from the ionocytes. This 
result suggests that the ionocytes are indeed required for the proper 
development of ciliated cells and also suggests that the impact of 
ionocytes is a short-range phenomenon, possibly even cell-to-cell 
contact. However, this was a preliminary experiment with a small sample 
size, so will require repeating in future. The inverse experiment could also 
be attempted by grafting wild type tissue onto morphant tissue. Then the 
impact of ionocyte depletion could be assayed within the wild type tissue.  
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Figure 5.5 Mosaic analysis indicates non-cell autonomous impact of ionocytes on ciliated cells 
(A) FITC-labelled foxi1e ATG morpholino was injected at 1-cell stage and fluorescence confirmed at St.9. 
Small grafts from morphant embryos were taken from the ventral animal pole at St.9 and grafted on to the 
ventral animal pole of wild type embryos. Embryos were raised until St. 28 where the morphant tissue could be 
distinguished from wild type tissue in the epidermis by FITC fluorescence. Abbreviations: D, dorsal; V, ventral. 
(B) Transplanted embryo at stage 28 shows tissue injected with morpholino (green), v1a expressing cells (red) 
and ciliated cells (blue). Lower panels show higher magnification images of the upper panels. Defective 
ciliated cells (arrowhead) are evident within the transplanted region, but ciliated cells (arrows) at the border of 
the transplanted tissue and adjacent to ionocytes appear normal. Note that the highlighted ciliated cells 
(arrows) at the border are green due to presence of the morpholino in these cells and yet the cilia appear 
normal. The white line in the v1a/AcTub images highlights the border between morphant and wild type tissue. 
Scale bars, 50 µm for upper panels and 25 µm for lower panels. Morpholinos used at a dose of 20 ng. Figure 
taken from Dubaissi and Papalopulu, 2010. 
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To try and identify the key molecular determinants of the phenotype in the 
mucociliary epidermis, v1a and ca12 were knocked down individually to 
look at the impact on ciliated cells. 
 
5.2.5 The impact of v1a and ca12 knockdown on ciliated cells  
To try and distinguish a phenotype caused by loss of ionocyte function 
rather than loss of the cell type (as is the case with the foxi1e morphants), 
v1a and ca12 were targeted for knockdown. In both cases, the ionocytes 
were expected to still be present in the epidermis, but to lack the 
individual proteins. 
 
V1a and ca12 splice morpholinos were used to target the two genes. The 
knockdown of each of the targets was confirmed by RT-PCR and 
antibody staining (Figure 5.6). The same strategy used to assess the 
impact of foxi1e knockdown was also used here. In each experiment, 
embryos were fixed at stage 30 and the impact on ciliated cells was 
assessed by staining with the anti-acetylated α-tubulin antibody. To 
ensure consistency between experiments, loss of v1a or ca12 was 
verified by co-staining with the antibodies. SEM was also performed on 
the morphant embryos. 
 
The criteria for judging the defects in ciliated cells upon v1a or ca12 
knockdown were based on the phenotype shown for foxi1e knockdown. 
This included shorter and fewer cilia that were sometimes splayed or 
intertwined. Any other phenotypes were also recorded. The example 
images in Figure 5.7 show some of the embryos following knockdown of 
v1a and ca12. In the v1a knockdown experiments (Figure 5.7A-C), 
immunofluorescence for anti-AcTub sometimes showed a subtle defect in 
the ciliated cells, where some ciliated cells appeared shorter than others 
(highlighted with arrows in Figure 5.7A). Meanwhile, by SEM, there was 
no considerable difference between ciliated cells in controls and v1a 
splice morphants (Figure 5.7B). There was some evidence of defects in 
other cell types. The arrowhead in Figure 5.7B points to a cell which 
 167 
appears to be rounding up and showing blebbing of the membrane. This 
may correspond to an ionocyte that cannot function without v1a 
expression. However, it is difficult to confirm by SEM alone that these 
cells are indeed ionocytes. When the results of several independent 
experiments (n = 4) were analysed, there was a higher incidence of v1a 
splice morphants showing ciliated cell defects that controls, on average, 
but statistical analysis (t-test) showed that this difference was not 
significant (P = 0.36). The total number of embryos analysed were as 
follows; In MOC-treated embryos, 5/26 embryos showed defects. In V1a 
splice MO-treated embryos 14/30 embryos showed defects. There was a 
lot of variability in the results between experiments but the basic 
interpretation of the data is that knockdown of v1a alone is not sufficient 
to consistently replicate the phenotype of foxi1e knockdown. 
 
The same strategy was followed to compare the ciliated cells of ca12 
morphant embryos with controls (Figure 5.7D-G). The example co-
immunofluorescence images show anti-ZO-1 staining (Figure 5.7D) and 
anti-ca12 staining (Figure 5.7E) with anti-AcTub staining for cilia. In both 
examples, some small ciliated cells (arrows) were found amongst normal 
ciliated cells. Meanwhile, by SEM, some embryos showed ciliated cells 
with a similar defect to those seen in foxi1e morphants (i.e. small cells 
with few cilia). These are highlighted with arrows in Figure 5.7. However, 
as with v1a, when the results of several experiments were quantified and 
tested for significance, there was no significant difference between 
controls and experimental samples. In seven independent experiments, 
controls showed 18/81 embryos with defects and foxi1e morphants 
showed 20/71 embryos with defects. When comparing the mean number 
of embryos with defects over all the experiments there was no significant 
difference between controls and experimental samples (t-test, P=0.283). 
Again, the simplest explanation is that ca12 knockdown is not sufficient to 
consistently replicate the foxi1e knockdown phenotype even though some 
examples did show a similar phenotype. Possible reasons as to why 
foxi1e knockdown gave a consistent phenotype, whereas v1a and ca12 
did not are discussed below.       
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Figure 5.6 Testing v1a and ca12 knockdown 
(A) V1a knockdown with splice morpholino. The v1a gene has 13 exons and 12 introns. The v1a splice 
morpholino was designed over the splice donor site of exon1-intron1 boundary. Primers for RT-PCR were 
designed in exons 1 and 3 (see arrows). Ornithine decarboxylase (odc) primers were used as a loading 
control. The gel shows that v1a primers give a PCR product of 378 bp (*) in cDNA derived from MOC-treated 
embryos. This product is significantly reduced in cDNA derived from v1a splice MO-treated embryos. This 
suggests that v1a is successfully knocked down. Using the anti-v1a antibody in immunofluorescence confirms 
the loss of protein in splice morphants. (B) ca12 knockdown with splice morpholino. The ca12 gene has 10 
exons and 9 introns. The morpholino was targeted over the exon4-intron4 boundary. For RT-PCR, the primers 
were designed in exon4 and over the boundary of exons 5 and 6. cDNA derived from MOC-treated embryos 
show a PCR product of 221 bp (*). This product is significantly reduced in cDNA derived from the ca12 splice 
morphants, indicating loss of ca12. Immunofluorescence confirms loss of ca12 at the protein level. The images 
inset show that as well as loss of ca12 from the ionocytes, the signal for ca12 in the otic vesicle (ov) is also 
lost. Scale bars, 50 µm. Morpholinos used at a dose of 20 ng.  
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Figure 5.7 Impact of v1a and ca12 knockdown on ciliated cells 
(A) Co-immunofluorescence of anti-v1a (green) and anti-AcTub (red) in control and v1a splice MO embryos. 
Splice morphants show loss of v1a and some small, ciliated cells (arrows). Scale bars, 50 µm. (B) SEM of 
controls and v1a splice morphants show few defects in ciliated cells, but other cells appear damaged 
(arrowheads). Scale bars, 25 µm. (C) Quantification of ciliated cell defects over four independent experiments, 
Mean of embryos showing defects in V1a splice morphants (45% +/- 16.6%). Mean for MOC-treated embryos 
(24.2% +/- 12.72%), t-test analysis (P = 0.36). No significant difference. (D) Co-immunofluorescence of anti-
ZO-1 (green) and anti-AcTub (red) in control and ca12 splice MO embryos. Some ca12 splice morphants 
showed defects in ciliated cells. The cells were smaller with fewer cilia than controls (white arrows). Scale 
bars, 50 µm. (E) Co-immunofluorescence of anti-ca12 (green) and anti-AcTub shows ca12 splice morphants 
that lack ca12 expression and show some defects in cilia (white arrows). Scale bars, 50 µm. (F) SEM of MOC 
and ca12 splice MO-treated embryos show defective ciliated cells in this example. Scale bars, 25 µm. (G) 
Quantification of ciliated cell defects over seven independent experiments. Means of embryos showing ciliated 
cell defects was 44.1% (+/- 16.2%) for ca12 splice morphants compared to 21.7% (+/- 11.2%) for controls. 
Student t-test analysis revealed that the difference between controls and splice morphants was not significant 
(P=0.283). Morpholinos used at a dose of 20 ng. 
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5.3 Discussion 
The results in this chapter have shown that foxi1e knockdown and 
ionocyte depletion has broad implications for the rest of the mucociliary 
epidermis. The most striking defects were in the ciliated cells. The cilia 
were shorter, fewer in number and seemed to lack orientation. Analysis of 
sections showed that these defects were caused by mis-localized basal 
bodies resulting in aberrant ciliogenesis. In fact, microtubules staining for 
acetylated α-tubulin were found throughout the cytoplasm of ciliated cells 
alongside basal bodies and ciliary rootlets. This indicates that the 
transport of the ciliary machinery is impaired in the absence of ionocytes. 
Meanwhile, EM images suggested a possible defect in secretion from the 
goblet cells. In TEM images of foxi1e morphants, the secretory vesicles 
did not seem to open out to secrete their material, unlike in controls. In 
general, the health of the epidermis seemed to be compromised in the 
absence of ionocytes. Without any evidence for the physiological impact 
of ionocyte depletion from the epidermis it is difficult to understand the 
phenotype observed. However because this cell type is believed to be 
similar to the mitochondria-rich cells found in many other tissues it may 
be possible to infer what is happening in the ionocyte depleted epidermis 
by looking at these other tissues.  
 
5.3.1 Ionocyte depletion may cause acidosis 
The studies in frog skin indicate that the MR cells are needed to actively 
pump out protons so as to intake sodium ions present at a lower 
concentration in the environment (Harvey, 1992). However, this active 
pumping of protons also serves to reduce the metabolic acid load of the 
frog. It provides an outlet for the acidic by-products of metabolism to 
remove them before they can cause damage. The importance of the MR-
cells in this respect is illustrated by the fact that when acidosis is 
artificially induced in the frog, it upregulates the number of MR cells on its 
surface to try and lower the acid load (Ehrenfeld and Klein, 1997). 
Meanwhile, the intercalated cells in the kidney ensure that the acid-base 
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balance is maintained. Impairments in acid secretion can result in 
acidosis such as distal renal tubular acidosis, dRTA (Karet, 2002). 
Indeed, acidosis is one of the phenotypes of Foxi1 knockout mice 
(Blomqvist et al., 2004). Meanwhile, in zebrafish larvae, inhibitors of 
ionocyte function (e.g. v-ATPase inhibitors) also induce acidosis, similar 
to dRTA (Horng et al., 2007). 
 
As Xenopus larval ionocytes are very similar to the cell types discussed 
above, it seems highly likely that losing these ionocytes will cause some 
kind of acid buildup or acidosis in the embryo. But how might this cause 
the defects seen in the ciliated cells and goblet cells? 
 
5.3.2 A link to Dishevelled and the PCP pathway? 
A very similar phenotype in the ciliated cells has recently been observed 
in morphants of the core PCP protein, Dishevelled (Dvl; (Park et al., 
2008). As discussed briefly in the main introduction, Dvl has been shown 
to be important in the docking of basal bodies to the apical membrane. 
When Dvl is knocked down, basal bodies can no longer dock and the 
result is shortened cilia with randomly distributed basal bodies (Park et 
al., 2008). The fact that foxi1e morphants seem to phenocopy Dvl 
morphants, suggests that there may be some link between the two. It is 
possible that Dvl-mediated recruitment of basal bodies acts downstream 
of foxi1e. However, since foxi1e is expressed in ionocytes any impact on 
Dvl must be non-cell autonomous. This brings us back to the 
physiological impact of ionocytes on the rest of the epidermis and 
particularly the impact of acidosis. 
 
A recent study in Drosophila has shown that docking of Dishevelled to the 
apical membrane involves electrostatic interaction with the negatively 
charged phospholipids of the membrane (Simons et al., 2009). The 
authors identified a domain in Dvl called the DEP domain that has a 
number of basic residues that are positively charged at physiological pH. 
They propose that it is this domain that electrostatically interacts with the 
plasma membrane. Indeed, when they mutate the residues in this domain 
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to uncharged amino acids, Dishevelled is localized randomly in the 
cytoplasm. Meanwhile, lowering the intracellular pH has the same effect 
(Simons et al., 2009). The authors hypothesise that the increased acidity 
causes the plasma membrane to lose its negative charge and thus 
prevent the electrostatic interaction with Dishevelled. They even show 
that the sodium-hydrogen exchanger, Nhe2 controls Dvl recruitment to 
the membrane, postulating that the secretion of protons through this 
transporter maintains a slightly alkaline environment at the apical 
membrane for interaction of phospholipids with Dishevelled. If Dvl in 
Xenopus is controlled in the same way, this could provide an explanation 
for the foxi1e morphant phenotype. 
 
Perhaps the ionocytes, through the extrusion of protons also create a 
slightly alkaline environment across the epidermis to facilitate Dvl-
mediated docking of basal bodies to the apical membrane in ciliated cells. 
In the absence of ionocytes, acidosis may cause a defect in Dvl binding 
to the membrane, resulting in randomly distributed basal bodies. Given 
the preliminary results with the mosaic analysis, which suggests a short-
range impact of ionocytes on ciliated cells, perhaps ionocytes are 
important for regulating the physiological conditions in adjacent cells, 
possibly through junctional contact. Therefore when the ionocytes are 
depleted, the effects are seen in the cells that are missing their 
neighbouring contact with ionocytes. Obviously this requires much further 
work (see future experiments) to determine the physiological effect of 
ionocyte depletion and the resultant impact on Dvl, but it is a model to 
work towards. The apparent defect in goblet cell secretion could also be 
explained by the same mechanism because a very similar phenotype was 
observed in the goblet cells in morphant embryos of the PCP effector, 
Fuzzy (Gray et al., 2009). Fuzzy is believed to interact with components 
of the secretory pathway (Gray et al., 2009). Since Fuzzy is 
mechanistically downstream of Dvl, acidosis and prevention of Dvl 
docking to the membrane could also impact on secretion in the goblet 
cells. This working model for the impact of ionocyte depletion on the 
epidermis is presented in Figure 5.8.        
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Figure 5.8 Model for the mucociliary defects caused by ionocyte depletion 
(A) The wild type epidermis is comprised of goblet cells (brown), ionocytes (green) and ciliated cells (yellow). 
Ionocytes reduce the metabolic acid load of the embryo and this maintains a slightly alkaline pH, which is 
communicated to the neighbouring cells directly (through cell-cell junctions) or indirectly through changes in 
the local microenvironment. The slightly alkaline environment ensures that the inner membrane remains 
negatively charged and Dvl (positive charge) can electrostatically associate with it, recruiting basal bodies for 
ciliogenesis. Dvl docking in goblet cells also facilitates Fuz activity, enabling secretion from vesicles. (B) 
Foxi1e morphant embryos are depleted of ionocytes. Without the various transporters and buffering capacity 
provided by bicarbonate, metabolic acid buildup ensues in ciliated cells and goblet cells. Loss of direct and 
indirect communication with ionocytes causes an increase in proton concentration, lowering the pH and 
neutralizing the inner surface negative charge. Dishevelled can no longer electrostatically interact with the 
apical membrane preventing basal body recruitment and secretion of vesicles. The result is that basal bodies 
are mislocalized, exocytosis is affected and fewer and shorter cilia form at the surface. Note that carbonic 
anhydrase 2 (ca2) is an intracellular enzyme that is important for the function of MR cells and also has a 
scattered spotted distribution in Xenopus epidermis (data not shown). 
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5.3.3 How does the phenotype relate to mucociliary disease in the 
human airways? 
Although there is no evidence for foxi1e expression or the presence of 
ionocytes in the human airways, the serous acinar cells do regulate ionic 
balance. In cystic fibrosis, mutation in the CFTR leads to an impact on 
both fluid secretion and the secretion of mucins (Boucher, 2007). The 
airways become dehydrated and the mucus is more viscous and difficult 
to clear. Meanwhile, the loss of bicarbonate ions in the lumen due to 
CFTR dysfunction is believed to negatively impact on the expansion of 
mucins, contributing to the viscosity of the mucus (Chen et al., 2010). In 
the current study, the impact on goblet cells of ionocyte depletion was 
only determined by ultrastructural analysis, but there did seem to be an 
effect on both the secretion of material from these cells and the structure 
of any material that was secreted. In one example, adherent electron 
dense material was found on the surface. This could be similar to the 
thick, sticky mucus produced in cystic fibrosis. Indeed, ionocytes likely 
regulate bicarbonate levels given the presence of proteins such as 
carbonic anhydrase and the chloride-bicarbonate exchanger, pendrin. 
However, it is still unclear what the secretory material is in the larval 
epidermis of Xenopus so it is difficult to draw too many comparisons with 
the human condition at this stage.  
 
With respect to the impact on ciliated cells of losing the ionocytes, there 
are not many direct comparisons in the human airway epithelia. Cilia are 
defective, for instance in primary ciliary dyskinesia (Olbrich et al., 2002), 
but this is due to a structural effect on the axoneme rather than an impact 
on ionic balance. Also, in this study loss of foxi1e leads to a loss in an 
epidermal cell type. There is not really an equivalent condition in the 
human mucociliary epithelium where an actual cell type is missing. 
However, the fact that ionocytes do seem to be critical for the rest of the 
epidermis indicates that ionic regulation could be as important in this 
system as it is in the human mucociliary epithelium. 
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5.3.4 Why don’t v1a and ca12 morphants phenocopy the foxi1e 
morphants? 
The final experiments in this chapter aimed to identify whether or not loss 
of v1a or ca12 could replicate the foxi1e knockdown phenotype in ciliated 
cells. Although some defective ciliated cells were seen, experimental 
replicates did not produce a significant difference between controls and 
morphants. In the absence of either ca12 or v1a, the ionocyte cell type is 
expected to still be present, whereas foxi1e morphants do not have 
ionocytes. This is one possible reason why the phenotype could not be 
replicated. Perhaps ciliated cells require direct contact with ionocytes for 
their development and in v1a and ca12 morphants this interaction is 
maintained. With respect to the model in Figure 5.8, perhaps the fact that 
ionocytes are still physically present in the epidermis means that acidosis 
can still be relieved even in the absence of one of the transporters. 
Another possibility is that there is some redundancy or compensation that 
occurs in the ionocytes when v1a or ca12 is depleted. For example, v1a 
is only one subunit of the v-ATPase complex and there are different 
isoforms of this subunit that may be upregulated. It would be interesting 
to observe the impact on the epidermis if more than one of the 
transporters were knocked down simultaneously. Perhaps this would 
phenocopy the foxi1e morphants.  
 
5.3.5 Future Experiments 
If the actual causes of the defects in the epidermis of foxi1e morphants 
are to be elucidated, then the physiological impact of ionocyte depletion 
should be looked at as a priority. The model in Figure 5.8 is dependent on 
their being a buildup of acid upon ionocyte depletion. Although this seems 
likely when compared to other systems, it still awaits experimental proof. 
To test for a change in intracellular pH, microelectrodes such as those 
used in zebrafish larvae could be employed (Horng et al., 2007). 
Alternatively, pH dyes such as the intracellular dye carboxy-SNARF have 
been used successfully in Xenopus embryos before (Adams et al., 2006). 
These could be used to gauge the impact of ionocyte depletion on pH, 
particularly in the ciliated cells, where the defect is so striking. Other 
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possible future experiments could be to change the conditions in which 
the embryos are grown. This could include altering the pH of the media or 
its osmolarity. Environmental conditions could be altered for wild types to 
see if there are any defects in ciliated cells or in foxi1e morphants to see 
if the defects can be rescued by alteration of environmental conditions. 
Meanwhile, the impact of losing ionocytes on Dvl-mediated docking of 
basal bodies could simply be tested by using antibodies to Dvl (Park et 
al., 2008). The defect in goblet cell secretion has only been determined 
by TEM images. This is not really sufficient to prove an impairment of 
secretion, so future experiments could look at the material within the 
vesicles and see whether it is secreted into the environment in foxi1e 
morphants. One possibility would be to use the antibody to the lectin, 
xeel, which is present in the secretory vesicles of the goblet cells and has 
been shown to be secreted from the epidermis (Nagata, 2005).   
 
5.4 Conclusions  
To conclude, ionocytes appear to be indispensable for the health of the 
mucociliary epidermis. In their absence, defects in the structural and 
functional properties of the ciliated cells and goblet cells are evident. 
Indeed, one could hypothesise that ionocyte depletion induces a 
mucociliary disease-like condition.                 
 
 
 
Comment: The recent paper by Quigley et al (2011) briefly looks at the impact of foxi1e 
overexpression on ciliated cells. They report that an increase in the number of ionocytes 
does not lead to a decrease in ciliated cells, but instead ciliated cells have defective 
cilia, which are shortened. This suggests that an increase in the number of ionocytes in 
the epidermis has a similar effect on ciliated cells as the depletion of ionocytes 
presented in this thesis. This could be explained if an increase in ionocytes also leads to 
a change in local ionic balance/pH that affects normal ciliogenesis. In future, the impact 
on the physiological environment could be tested for embryos overexpressing foxi1e, as 
well as for foxi1e morphants.  
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Chapter 6 Do the goblet cells express 
mucins? 
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6.1 Introduction 
An effort to categorise mucins in Xenopus has been undertaken recently 
(Lang et al., 2007). The authors report the potential existence of at least 
25 mucins genes, many more than in other species. However, this was a 
bioinformatics approach using the known characteristics (i.e. domain 
structure) of mammalian mucins to identify potential mucins in the 
Xenopus tropicalis genome. No experimental approach to identify mucins 
in Xenopus embryos has ever been reported. In this chapter, an unbiased 
approach was taken to try and identify mucins that may be present in the 
secretory vesicles of the epidermal goblet cells. Much of the work was 
based upon the assumption that mucins produced in Xenopus have 
similar properties to their mammalian counterparts. Characteristics 
include being large, dense and heavily glycosylated. Indeed, the genes 
identified in the bioinformatics screen are predicted to have these 
properties (Lang et al., 2007). Based on these characteristics, the 
strategy was to try and purify material secreted from the embryos, 
concentrate it and analyse it by mass spectrometry. Chemical assays for 
highly glycosylated proteins were also used as an intial test for mucins. 
 
6.2 Results 
 
6.2.1 Large, carbohydrate-rich material present in Xenopus 
embryonic secretions 
The initial strategy for identification of mucins in goblet cells was to take 
media in which tailbud stage embryos were left to grow for five days. The 
vitelline membranes were removed from the embryos to prevent 
contamination of the media. The premise was that if mucins were indeed 
secreted by goblet cells, they would be discovered in the media. At the 
end of the incubation period, the embryos were removed and the media 
was added to the denaturant guanidinium chloride (8 M). In addition to 
embryonic secretions, secretions from adult Xenopus tropicalis frog skin 
were also collected as a positive control for mucus production. Two 
samples from adult skin and two samples from embryonic secretions 
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were then tested for periodic acid-schiff (PAS) staining by slot blot (Figure 
6.1A). PAS staining is used to identify glycoproteins and is often used as 
a first test for the presence of mucins. The slot blot allowed different 
volumes of each sample to be loaded in different wells and the staining 
compared. As a negative control, media without embryos (0.1x MMR) 
was loaded into the well alongside the four samples.  
 
All samples stained positive for PAS, apart from the 0.1x MMR control. In 
each well the volumes loaded were as shown on the left (Figure 6.1A). 
PAS staining was strongest for the embryonic secretions. One of the 
embryonic secretion samples was taken to run on an agarose gel to test 
whether the PAS-positive secretions contain large molecules. Large, 
glycosylated proteins like mucins do not run on acrylamide gels because 
they do not migrate through the gel. Unreduced and reduced (+ DTT) 
samples were compared to test for the disulphide bonds common to 
mucins. Proteins from the gel were then transferred onto a nitrocellulose 
membrane and stained for PAS (Figure 6.1B). Both the unreduced 
sample and the reduced sample gave a PAS-positive band that did not 
migrate far into the gel. This suggested that the embryonic secretions 
contain large glycoproteins, possibly mucins. The reduced sample ran 
slightly further in the gel than the unreduced sample, suggesting the 
presence of disulphide bonds.  
 
Since there is very little data on mucins in Xenopus, there are also no 
antibodies specific to Xenopus. However, as a broad screen for mucins, 
two common mammalian mucin antibodies were tested on the embryonic 
secretions in western blot. The antibodies were to the airway mucin, 
MUC5AC and an antibody that recognises many mucin epitopes, anti-
AWM (Asthma Whole Mucins). Both antibodies recognised material in the 
embryonic secretions (Figure 6.1C). A ‘secondary antibody only’ control 
was also used and did not give any signal (data not shown). For anti-
MUC5AC, two bands were evident as indicated by the arrows. The anti-
AWM antibody also recognised two products in the embryonic secretions 
(arrows), with the reduced sample migrating further into the gel, 
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suggesting the presence of disulphide bonds. However, use of these 
antibodies was only a preliminary test and could not be used to identify 
the specific mucins because it is not known which mucins these 
antibodies recognise in Xenopus. In summary, the PAS staining and the 
western blots did suggest the presence of large, glycosylated proteins, 
but to specifically identify Xenopus mucins, the embryonic secretions 
were purified for mass spectrometry.  
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Figure 6.1 Embryonic secretions contain large molecules with PAS reactivity 
(A) PAS assay on slot blots of two samples of adult secretions and two samples of embryonic secretions. The 
media (0.1x MMR) was loaded as a negative control. The volumes of secretions loaded in each well are 
shown at the side. The four samples tested positive for carbohydrate by PAS staining at all volumes loaded. 
(B) Embryonic secretions sample B is shown after running on an agarose gel under non-reducing (-DTT) and 
reducing (+DTT) conditions and staining for PAS. Both wells show a band that has not migrated far and that 
was positive for PAS, suggesting presence of large glycoproteins. The reduced sample migrated slightly 
further suggesting the presence of disulphide bonds. (C) Two mammalian Mucin antibodies, anti-Muc5AC and 
anti-AWM show signal in western blot against the embryonic secretions. The arrows show that both antibodies 
recognise large proteins in the embryonic secretions that may correspond to Xenopus mucins. The reduced 
samples migrate further in the gel. The gels are not directly comparable because they were run at different 
times. 
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6.2.2 Density gradient centrifugation reveals peak of PAS reactivity 
The samples needed to be purified prior to mass spectrometry because 
too many contaminating proteins would affect the signal. Given that 
mucins are very dense glycoproteins, caesium chloride (CsCl) density 
gradient centrifugation was used to separate them from other proteins. All 
material taken from the embryonic secretions was pooled and mixed with 
caesium chloride for centrifugation (see Material and Methods). Following 
centrifugation, twenty fractions were taken for analysis. Each fraction was 
measured for density (g/ml), absorbance at 280 nm and PAS reactivity on 
a slot blot. The results for each parameter are presented in Figure 6.2. 
The optical density at 280 nm was recorded to look for any potential 
contamination by low molecular weight proteins. Due to their structure, 
mucins show little absorbance at 280 nm. However, the absorbance was 
very low for each fraction suggesting that there were not many low 
molecular weight proteins present. Meanwhile, the intensity of the PAS 
band on slot blots was measured and normalised.  
 
The peak of PAS reactivity encompassed fractions 6-9 and was found at 
a density of approximately 1.4 g/ml. This density is within the range 
normally found for mucins (Thornton et al., 1995). There was another 
peak in fraction 1-2 and in fractions of lower density, but these did not lie 
in the usual density for mucins. Fractions 6-9 were pooled, freeze-dried 
and trypsinised (see Methods) before sending for mass spectrometry 
(Faculty of Life Sciences, Core Facilities). The results of the mass 
spectrometry were compared to a database of known proteins including 
the predicted mucin sequences described for Xenopus tropicalis (Lang et 
al., 2007). Amongst several other proteins, including a number of 
keratins, one mucin was found. This was the muc5e protein 
corresponding to one of the predicted mucins. Table 6.1 shows the 
peptides identified by mass spectrometry, which correspond to parts of 
the muc5e sequence. The positions of the peptides within the muc5e 
protein are stated. Note that the regions identified correspond to the N 
and C-termini, but not within the mucin/PTS domain, which is highly 
glycosylated.   
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Figure 6.2 Density gradient centrifugation reveals peak of PAS reactivity 
Chart showing the density (g/ml), absorbance (280 nm) and PAS signal for twenty fractions of the embryonic 
secretions separated by CsCl density gradient centrifugation. The absorbance at 280 nm was very low and 
similar for each fraction, suggesting little contamination from lower buoyant density proteins. Several peaks of 
PAS reactivity are shown but the one for fractions 6-9 is at a density associated with mucins (i.e. 1.3 - 1.5 
g/ml). These fractions were pooled for mass spectrometry. 
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 Table 6.1 Peptides identified for muc5e 
 
Residue position Peptides identified by mass 
spec. 
68-78 TTYEDFNIQIRRTPSEER 
79-85 RTPSEER 
105-113 GQVLVGGER 
179-194 VNGIELSPLQFGNLQK 
223-235 MLSNPAFADCELR 
316-340 TTCADHCIDGCFCPPGTVFDDMNNR 
341-355 GCVPLSECSCTYNNK 
533-555 TDDFRSLSGAMEGTAAAFANTWK 
556-579 SQADCDNIKDSYNNPCSLSVENEK 
721-743 GTPMPAGEVIYDNGAMCTCQSGR 
805-815 DIGSEVPYQIR 
886-897 ESPTCPDAQPLR 
1017-1028 NQLPGLEGCYPK 
1032-1042 DRPFFDEDVMK 
1043-1058 CVAQANCGCYDDDGKR 
1059-1069 YSIGNMVPSVK 
1179-1189 WSTWYDATCPK 
1190-1202 YGENDGDFETFEK 
1203-1212 IRETGHTVCK 
1213-1220 VPSDVECR 
1241-1247 SVGLVCR 
1371-1386 AAGNSICQKPENIECR 
1806-1811 IFCCSK 
2934-2943 KSTTGAITSK 
3678-3690 ATCTGGNNIAITK 
3691-3697 TQCPLIK 
3691-3704 TQCPLIKDVVCANR 
3765-3781 VYIDNFSCLPEDPTCVK 
3785-3800 IMYNKDNILLTSQEVK 
3790-3800 DNILLTSQEVK 
3807-3813 VYFNDER 
4073-4085 ACGSPVEPTCNSK 
4123-4133 CGCTGPDGMPR 
4264-4272 GNLMPLASK 
4278-4289 INIDDCQSGTIK 
4290-4309 TDASGCCLTCIQKPNNCQIK 
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Considering that muc5e was found in the media, the logical conclusion 
was that it was secreted from the embryo. The next step was to see if 
muc5e expression was localized to the goblet cells in the epidermis. 
 
6.2.3 Xenopus muc5e is expressed in the cement gland 
An RNA probe was generated against muc5e to identify where it is 
expressed in the embryo. The probe was generated from a clone (Table 
2.1) in the Xenopus tropicalis EST database (Gilchrist et al., 2004). After 
in situ hybridization, muc5e expression was found to be localised to the 
cement gland, but did not appear to be expressed in the goblet cells of 
the epidermis (Figure 6.3A). The cement gland is known to be a site of 
mucus production, where it uses mucus to attach to surfaces. It is 
believed that this ability to attach to surfaces allows early Xenopus 
embryos, in the wild, to stay in one location, increasing their survival 
chances (Nokhbatolfoghahai and Downie, 2005). One of the earliest 
descriptions of Xenopus epidermal goblet cells was based upon the 
similarity in structure between the known mucus-secreting cells of the 
cement gland and these epidermal cells (Billett and Gould, 1971). This 
similarity can be seen in Figure 6.3B-C which shows SEM and TEM of 
the cement gland cells. TEM analysis shows two types of cement gland 
cells. The tip cells are long, narrow cells (i), whilst cells on the lateral 
surfaces (ii) closely resemble those of the epidermal goblet cells (Figure 
3.11A). These cells show large vesicles, with dense granular material that 
may correspond to mucins, including muc5e (Figure 6.3C (iii)).  
 
To try and determine whether or not mucins are also found in the 
epidermal goblet cells, PAS staining was undertaken on wholemount 
embryos (stage 35) and in sections (Figure 6.3D). Clearly the strongest 
staining was evident in the cement gland and its distinctive pattern could 
be seen in sections. However, weaker PAS staining was evident within 
the epidermis, but with no particular pattern unlike the goblet cells that 
are positive for the lectin, xeel (Figure 3.1A). Sections, however, did show 
that some epidermal cells are more positive for PAS staining than others. 
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Given the contrasting levels of PAS staining between the cement gland 
and the epidermis, perhaps the amount of material secreted from the 
epidermis was insufficient to be identified by mass spectrometry.  
 
The anti-MUC5AC antibody recognised material within the embryonic 
secretions (Figure 6.1C) so it was tested by immunofluorescence on 
wholemount embryos (Figure 6.3E). Interestingly, the anti-MUC5AC 
antibody stained the cement gland, just like the PAS staining and the 
muc5e probe. The peptide sequence which the antibody was generated 
against for mammalian MUC5AC is known (see Materials and Methods), 
so this sequence was aligned against all the predicted Xenopus mucins 
(Lang et al., 2007). The only mucin with any significant identity to the 
peptide sequence was indeed muc5e. Two places in the muc5e protein 
sequence showed 65% homology to the peptide sequence used to 
generate the MUC5AC antibody (data not shown). This suggests that 
muc5e is what is recognised by both immunofluorescence and in the 
original gel of embryonic secretions (Figure 6.1C) for the anti-MUC5AC 
antibody. The other antibody used earlier was anti-AWM (Figure 6.1C). 
However, this antibody was not designed against a specific peptide 
sequence. It is used as a general mucin antibody and recognises a 
number of different mucins and a number of different epitopes, so the 
same analysis could not be applied. The immunofluorescence of anti-
AWM was not tested here, but may be worth testing on embryos in future, 
since it recognises a number of different mucins so it is possible that it 
recognise mucins in the goblet cells. 
 
The strategy used to identify mucins was successful in that a mucin, 
muc5e, was identified from the secretions. However, due to the 
abundance of mucus secreted from the cement gland, any mucins being 
secreted from the epidermal goblet cells may not have been identified. 
Therefore, a new approach was taken to remove any contamination from 
the cement gland. The heads of tailbud embryos were removed and the 
bodies were left to develop until they began to deteriorate. The aim was 
to collect mucins secreted specifically from the epidermis. The samples 
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were purified and processed for mass spectrometry, as before. However, 
mucins were not detected by this approach.  
 
A final attempt was made to identify any mucins produced by the goblet 
cells. This time the heads were removed from embryos and lysate, rather 
than secretions, were purified by density gradient centrifugation and sent 
for mass spectrometry. Other than the presence of keratins, the only 
other protein identified was vitellogenin. Vitellogenin is a glycolipoprotein 
found in egg yolk and is expressed in the yolk sac of developing embryos 
(Zhang et al., 2010). This protein is also glycosylated, increasing its 
density. None of the predicted Xenopus mucins were identified by this 
approach.  
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Figure 6.3 muc5e is expressed in the cement gland 
(A) in situ hybridization for muc5e shows strong staining of the cement gland (arrow). Scale bar, 500 µm. (B) 
SEM of cement gland shows surface structure of the gland. Scale bar, 50 µm. (C) TEM of sections through the 
cement gland show (i) tip cells (ii), lateral cells and (iii) dense, secretory material in the lateral cells. Possible 
muc5e secretions are highlighted with arrows. Scale bars, 2 µm, 1 µm and 200 nm (i-iii, respectively). (D) PAS 
staining of embryos shows strong staining of cement gland (arrow) and weaker staining of the epidermis. 
Scale bar, 500 µm. Sections show staining pattern of cement gland (CG) and staining of some epidermal cells 
(Ep, magnified inset). Scale bars, 50 µm for sections and 25 µm inset.  (E) Immunostaining for anti-MUC5AC 
antibody shows specific staining of the cement gland. The lower panel shows higher magnification image of 
the staining (highlighted in box of upper panel). Scale bars, 25 µm (upper panel) and 100 µm (lower panel). 
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6.2.4 In situ hybridization approach to identify mucins 
Given the lack of success by mass spectrometry, a complementary 
approach was then employed to try and identify mucins in the goblet 
cells. Instead of trying to identify mucins biochemically, RNA probes were 
synthesised for some of the predicted mucins. Not many of these mucins 
were available in the EST database, but one clone, for muc2a, was 
identified (see Materials and Methods). In a preliminary experiment, this 
clone was used to generate a probe for muc2a and, as shown in Figure 
6.4A, muc2a showed apparent expression in the epidermis, but the 
expression pattern was inconsistent between embryos and even within 
the same embryo. In some cases the probe seemed to recognise 
epidermal cells in the whole embryo, whereas in other cases the 
expression pattern was restricted to certain regions. With this limited, 
preliminary experiment it is difficult to properly interpret the result. 
However, the expression pattern did resemble that of goblet cells (xeel 
marker, Figure 6.4B) in some embryos, but is not identical. When 
expressed throughout the embryo, muc2a seemed to be in nearly all 
epidermal cells, whereas the xeel pattern clearly does not label some 
cells (i.e. the ionocytes and ciliated cells).  
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 Figure 6.4 in situ hybridization for muc2a 
(A) Muc2a expression pattern by in situ hybridization on embryos of mixed stages. Four different embryos are 
shown to exemplify the expression pattern. Embryos were imaged on both lateral surfaces. Expression is 
evident in the epidermis, but there is a lot of variability between the sides of an individual embryo and between 
different embryos. Scale bars, 500 µm (B) Expression pattern of the goblet cell marker, xeel, by in situ 
hybridization for comparison. Scale bar, 250 µm 
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Meanwhile, a previous study to characterise novel markers of the 
epidermal cell types in Xenopus laevis, showed the existence of a mucin-
like gene called otogelin (otog) by in situ hybridization (Hayes et al., 
2007). Otogelin is believed to be in the same family of proteins as mucins 
(Lang et al., 2007). In Xenopus laevis, the otog gene has an expression 
pattern that covers most of the epidermis of tailbud stage embryos, 
resembling the goblet cells (Hayes et al., 2007). To confirm this 
expression pattern in Xenopus tropicalis, a probe was generated against 
the otog gene. 
 
6.2.5 Otogelin is a mucin-related protein that changes its expression 
pattern during development 
Whole mount in situ hybridization for otog at stage 35 revealed two types 
of expression. The majority of the epidermis had a low-level expression of 
otog, whilst another population of cells showed higher-level expression in 
a scattered distribution (Figure 6.5A). The study by Hayes et al (2007) 
also showed the low-level expression, but did not identify the other 
population of high-level expressers. However, their experiment was done 
at a stage closer to stage 30, rather than at stage 35 so perhaps a new 
cell type arises in this time. To test this hypothesis, otog expression was 
compared at stage 25 and stage 35 by fluorescent in situ hybridization 
(Figure 6.5B). The high-level expressing population of cells was clearly 
visible at stage 35, but not at stage 25. This does suggest that a new 
epidermal cell type arises as the embryo grows. To take a closer look at 
the higher-level expressing cells (otog++), zoomed confocal images were 
taken at stage 35 (Figure 6.5C-D). It was clear that the otog++ cells were 
a small cell type, but they also appeared to have large apical vesicles. 
This strongly suggests that they correspond to the small secretory cells, 
which were the unlabelled cells first identified in chapter 3 by membrane-
GFP labelling and electron microscopy (Figures 3.10 and 3.11). To find 
out exactly which cells otog is expressed in, the probe was combined with 
markers for the known cell types; ionocytes, goblet cells and ciliated cell.
 192 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
 Figure 6.5 Otogelin expression pattern 
(A) Wholemount in situ hybridization for otog probe at stage 35 reveals two types of expression: high expression in a scattered distribution and lower expression occupying the majority of the 
epidermis. Scale bar, 250 µm (B) Time course of wholemount fluorescent in situ hybridization for otog gene expression at stages 25 and 35. Otog shows presence of high level expressing cells at 
stage 35, but not at stage 25. The lower level expression is apparent at both stages. Unmarked cells have a uniform distribution at both stages. Scale bars, 50 µm. (C) Zoomed images show stage 
35 high-expressing cells (otog++) together with DAPI staining. They are small with apparent apical pits (arrow). Scale bars, 20 µm. (D) Apical slices of high expressing otog cells clearly show the 
apical pits (arrows). Scale bars, 10 µm. 
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6.2.6 Otogelin is expressed in three cell types 
To test whether the xeel-positive goblet cells also express otog, 
fluorescent in situ hybridization for otog was combined with antibody 
staining for xeel (Figure 6.6A). This analysis showed that all of the xeel 
positive cells were also otog positive, but in addition there were actually 
two more cell types that were otog positive, but not xeel positive. One of 
the cell types was in the cell population expressing otog at a high level 
(arrowhead), whilst the other cell type expressed otog at a lower level 
(arrow), like the goblet cells. From earlier analysis (Figure 3.9), it was 
known that the ciliated cell marker, α-tubulin, and the ionocyte marker, 
v1a, do not show overlapping expression with xeel or with each other. But 
to show whether or not these two cell types express otog, double staining 
was undertaken. Double fluorescent in situ hybridization for v1a and otog 
showed that ionocytes do express otog (Figure 6.6B; arrow), but only at 
the lower level common to xeel-positive goblet cells, rather than in the 
highly otog-positive cells (Figure 6.6B). Meanwhile, antibody staining for 
AcTub, together with in situ hybridization for otog, showed that ciliated 
cells are the only epidermal cell type that does not express otog (Figure 
6.6C; arrow). To confirm these results, triple fluorescent in situ was 
performed using probes for v1a, α-tubulin and otog (Figure 6.6D). This 
was undertaken on stage 25 embryos, where the strongly otog positive 
cells are yet to form. The result confirmed that ionocytes express otog 
(arrowhead) in addition to goblet cells, whilst ciliated cells do not express 
otog (arrow).  
 
In addition to its structural similarity to the small secretory cells, the fact 
that the high level expressing otog cells do not co-localize with any of the 
other markers and arise independently between stage 25 and stage 35, 
strongly suggests that these cells are equivalent and complete the 
identification of all the epidermal cell types at the tailbud stage.  
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Figure 6.6 Otogelin co-localizes with goblet cells and ionocytes 
(A) Otog is expressed in goblet cells. Using anti-xeel antibody (for goblet cells) together with otog probe on 
stage 35 embryos shows that all goblet cells express otog, but there are two additional cell types that also 
express otog, but not xeel. One cell type is the very high expresser of otog (arrowhead), and the other 
expresses otog at a lower level (arrow), similar to the goblet cells. Scale bars, 50 µm (B) Otog is expressed in 
ionocytes. Double FISH for v1a ionocytes and otog in stage 35 embryos shows overlapping expression in low 
level otog cells (arrows). Scale bars, 50 µm (C) otog is not expressed in ciliated cells. Combining anti-AcTub 
staining with otog probe shows that ciliated cells do not express otog (arrow). Scale bars, 50 µm. (D) Triple 
FISH on stage 25 embryos combining probes for v1a, α-tubulin and otog. There is an absence of high 
expressing otog cells at this stage. Otog is expressed in ionocytes (v1a; arrowhead) but not ciliated cells (α-
tubulin; arrow). Scale bars, 50 µm 
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6.2.7 Otogelin is not a conventional mucin 
There have not been any studies of the biochemical properties of otogelin 
in Xenopus. In fact, this is only the second study to identify its expression 
pattern in this species (Hayes et al., 2007; Stubbs et al., 2006). However, 
it is possible to use the protein sequence to identify predicted domains 
within the protein and even programmes to predict the level of O-
glycosylation, a characteristic feature of mucins. Figure 6.7 shows a 
comparison between the predicted mucin, muc2a and Xenopus otogelin. 
The domain structures were predicted using Prosite (Expasy) and the 
potential O-glycosylation status with NetO-Glyc 3.1 (Technical University 
of Denmark). Both proteins have an N-terminal signal sequence (purple) 
indicative of secretion. They also both possess the characteristic mucin 
VWFD domains (green). Muc2a has four of these domains, whilst 
otogelin has just two. Muc2a also has two C-terminal VWFC domains. 
Both proteins have a C-terminal cysteine knot (CK) domain that is 
typically found in mucins and is important for dimerization. The prediction 
of O-glycosylation sites shows that muc2a is predicted to be heavily 
glycosylated in the region typically called the mucin domain (PTS domain, 
rich in serine and threonine repeats). This is consistent with the 
mammalian mucins such as MUC5AC (see Introduction; Figure 1.2). 
Otogelin, however, is not predicted to be heavily O-glycosylated. This 
needs to be confirmed biochemically, but if this were the case, it would 
suggest that otogelin is not a conventional mucin and might even explain 
why it was not discovered by mass spectrometry.  
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 Figure 6.7 Predicted domains of muc2a and otogelin 
(A) muc2a protein is 3305 amino acids long with four predicted VWFD domains (green) and two VWFC 
domains (red). It also has a predicted C-terminal cysteine knot (CK) domain (blue). It is predicted to be heavily 
O-glycosylated in the region between residues 1000 and 2500. (B) Otogelin is 2463 amino acids long with two 
predicted VWFD domains (green) and a single CK domain (blue). Prediction of O-glycosylation suggests that 
there are some sites, which can be O-glycosylated, but it is not predicted to be heavily glycosylated. Domains 
were predicted using Prosite (Expasy) and O-glycosylation sites were predicted using NetOGlyc 3.1 (Technical 
University of Denmark). Highighted in purple is the predicted signal sequences. 
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6.3 Discussion  
Attempts to identify mucins expressed in the epidermal goblet cells were 
unsuccessful by biochemical approaches. There are several predicted 
mucins in the Xenopus tropicalis genome, but only one of these was 
identified by mass spectrometry and this was muc5e, a cement gland 
specific mucin. This is the first report of a mucin expressed in Xenopus 
embryos. The mammalian MUC5AC antibody gave a signal in western 
blots, however this antibody seemed to be recognising muc5e expression 
in the cement gland rather than expression in epidermal goblet cells. 
Meanwhile the AWM antibody also recognised material in western blot. 
But this antibody is a general mucin antibody, so it is difficult to determine 
which Xenopus mucins it is recognising. Indeed, it is known to recognise 
mammalian MUC5AC (personal communication with Karine Rousseau), 
so perhaps it also recognises Xenopus muc5e. 
 
Several more attempts to purify mucins expressed in the goblet cells also 
proved unsuccessful. This could be for several reasons. One possibility 
that cannot be ruled out is that these cells do not actually secrete 
conventional mucins, despite the many studies that have labelled them as 
‘mucus-secreting goblet cells’ (Hayes et al., 2007; Stubbs et al., 2006). 
This aspect will certainly require clarification in future studies. Another 
possibility is that Xenopus mucins have different properties to mammalian 
mucins and hence could not be purified by the methods used. However, 
muc5e was successfully purified, which would suggest that the mucins 
are comparable in amphibians and mammals. This conservation of mucin 
structure between species was also predicted in the study to identify 
mucins in the Xenopus tropicalis genome (Lang et al., 2007). One further 
possibility is that epidermal mucins are produced at such a low level that 
they could not be extracted in the quantity needed for mass spectrometry. 
Based on PAS staining of the epidermis, this could be a plausible 
suggestion because the staining was only weak compared with the 
cement gland (Figure 6.3). Also, sometimes mucin secretion requires a 
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stimulus (e.g. a secretagogue) to secrete mucins in any great quantity 
(Sperber et al., 1995). Perhaps these embryos did not have such a 
stimulus. A final possibility is that there are additional mucins in Xenopus 
that have not yet been predicted. As the mass spectrometry results 
required comparison to known sequences, if the goblet cells produce an 
uncharacterised mucin or mucin-like protein, then this would not have 
been identified. This includes the FIM mucins identified for the adult frog 
skin (Hoffmann and Hauser, 1993). A retrospective search for the 
sequences of these adult frog mucins in the predicted mucin database 
(Lang et al., 2007) showed that these mucins were not identified in the 
bioinformatics screen (data not shown). It will be worth testing for these in 
future, particularly FIM-B.1, which has very similar domain structures to 
the mammalian mucins (Joba and Hoffmann, 1997).  
 
One conventional mucin that was found by in situ hybridization was 
muc2a. However, the expression pattern was rather inconsistent between 
embryos. For a more thorough analysis, this experiment will need to be 
repeated together with other probes for all the predicted mucins. This 
should conclusively show whether any of the predicted mucins are 
expressed in the epidermal cells.  
 
6.3.1 Otogelin 
Despite the lack of evidence for conventional mucin expression in the 
goblet cells, a mucin-like protein was identified in the goblet cells by in 
situ hybridization. This protein was otogelin and showed a changing 
expression pattern during development. Initially, at tailbud stages, 
otogelin was expressed in goblet cells and ionocytes, but not in ciliated 
cells. However, by stage 35, a new small cell type showing very strong 
expression of otogelin was present in addition to continued expression in 
the goblet cells and ionocytes. Careful analysis of the markers suggests 
that the new cell type labelled by otogelin is the small secretory cell 
identified by membrane-GFP staining and electron microscopy in chapter 
3 (Figure 3.10 and 3.11E) and observed in previous studies (Hayes et al., 
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2007; Nickells et al., 1988). But given its high expression in the 
epidermis, why wasn’t otogelin identified by mass spectrometry? 
 
Xenopus tropicalis otogelin has not been physically identified at the 
protein level before, but its predicted sequence contains some of the 
same domains as found in mucins (Figure 6.7). It has two predicted VWF 
domains and a C-terminal cysteine-rich domain. Both of these domains 
are needed for the oligomerisation of mucins and this might also be the 
case for otogelin. One of the unique characteristics of mucins is their 
extensive O-glycosylation in central domains. The vast majority of the 
mucin mass is made up from this glycosylation and is thought to be 
critical to its function (Bansil et al., 1995). However, otogelin is not 
predicted to have such extensive O-glycosylation. Indeed, the murine 
version of otogelin has been shown biochemically to lack O-glycosylation 
(Cohen-Salmon et al., 1997). Otogelin in mice is N-glycosylated, but this 
does not add considerably to its mass (Cohen-Salmon et al., 1997). If this 
is also the case for Xenopus otogelin, this might explain why it was not 
identified by mass spectrometry. When proteins were purified for mass 
spectrometry they were separated according to their density. In the 
absence of extensive glycosylation, otogelin will not be as dense as the 
mucins and hence would not have been isolated in the fractions 
processed for mass spectrometry. However, this is only a suggestion and 
until proper biochemical analysis has been performed on this protein in 
Xenopus, its properties and level of glycosylation can only be predicted. 
But if otogelin does lack extensive glycosylation, what might its function 
be? Looking at the mouse otogelin may give some clues. 
 
6.3.2 Mouse otogelin is a gel-forming protein found in the inner ear 
Otogelin was named as such because it was first identified in the mouse 
inner ear and forms a gel-like network similar to mucins (Cohen-Salmon 
et al., 1997; El-Amraoui et al., 2001). It is a glycoprotein, but lacks the 
repetitive sequence typical of O-glycosylation in mucins. However, murine 
otogelin is thought to form intramolecular disulphide bridges and undergo 
homodimerization like mucins (Simmler et al., 2000). Such polymerisation 
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enables otogelin to form a fibre like network in the acellular membranes 
of the inner ear. Meanwhile, otogelin knockout mice display profound 
hearing loss showing the importance of this protein in the inner ear 
(Simmler et al., 2000). In the absence of otogelin, the acellular 
membranes of the inner ear are detached from the neuroepithelium. This 
demonstrates a structural role for otogelin.  
 
Perhaps Xenopus otogelin has a similar role in forming a gel-like network 
on the surface of the epidermis. But given the apparent lack of 
glycosylation, perhaps it also requires interactions with other molecules. 
Indeed, the fibre-like structures in the murine inner ear are formed, in 
part, by otogelin making heteropolymers with other molecules 
(Richardson et al., 2008). Perhaps, this is also the case in Xenopus. 
Maybe there are some conventional mucins (e.g. muc2a) awaiting formal 
identification that also interact with otogelin to form the material that is 
secreted form the epidermis. Another possibility is that otogelin forms the 
structural basis for the gel, but then interacts with other proteins such as 
xeel and proteoglycans. Early studies into the larval epidermis, identified 
the expression of the glycosaminoglycan, chondrotin-6-sulphate (C6S) in 
the putative goblet cells (Nishikawa et al., 1992). However, the protein 
that C6S attaches to form proteoglycans was not determined. Perhaps 
otogelin is this protein or alternatively maybe it can form complexes with 
the proteoglycan to form a mucin-like network. These possibilities all 
await experimental confirmation, but the identification of otogelin certainly 
does contribute to the ongoing characterization of the epidermis. 
 
6.3.3 Future Experiments  
The work presented in this chapter represents a first set of experiments to 
identify the secretory material in the goblet cells. The fact that no 
conventional mucins have been identified to be secreted from the 
epidermis suggests that they are either not present or have not been 
found using the current techniques. Either way, more experiments are 
needed to determine the function of the goblet cells. One approach would 
be to make probes for all of the predicted mucins to add to those for 
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muc2a and otog. An in situ hybridization screen could then determine 
their specific expression patterns. Another complementary experiment 
would be to design primers to each of the predicted mucins and test for 
their presence in the tailbud stage embryos by RT-PCR. Characterizing 
the biochemical and functional properties of otogelin is another priority. 
Otogelin has mucin-like characteristics and is expressed in the goblet 
cells, the ionocytes and the small secretory cells so its function is likely to 
be important in the epidermis. Generating an antibody to otogelin would 
greatly facilitate its characterization and its potential mucin-like properties 
could be probed further. Its importance for the epidermis could also be 
tested by targeted knockdown experiments using morpholinos, as 
illustrated for several other targets in this thesis. 
 
6.4 Conclusions 
Goblet cells are defined by their characteristic shape and the secretion of 
mucins (Evans and Koo, 2009). The fact that no conventional mucins 
were identified in the goblet cells and the mucin-like protein otogelin was 
not exclusive to the goblet cells (i.e. also expressed in ionocytes and 
small secretory cells) suggests that this cell type should be renamed. The 
term large secretory cell may be more appropriate until the true 
characteristics of the secretory material from these cells are elucidated. 
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This study has attempted to fully characterise the cell types present in the 
larval epidermis of Xenopus tropicalis in order to assess its credibility as a 
model for studying mucociliary epithelia. At the beginning of this study, 
very little was known about the epidermal cell types other than the motile 
ciliated cells and the presence of a population of secretory cells that were 
termed goblet cells. In the course of this investigation, two more cell types 
have been identified and the goblet cells have been further characterised. 
The ultrastructural features of each cell type have also been investigated. 
Now that most, if not all, of the epidermal cell types have been 
characterised, it is possible to critically assess this model system as a 
viable candidate for mucociliary research. The aim of this final discussion 
is to bring all of the results presented in this thesis together. A summary 
of the key findings is provided below, followed by a direct comparison 
with the human mucociliary epithelium. The strengths, limitations and 
potential applications of this new model system are evaluated. 
 
7.1 Summary of findings 
 
Five cell types have been found to comprise the tailbud epidermis of 
Xenopus tropicalis in this study. These are the ciliated cells, the large 
secretory cells (formerly goblet cells), two types of ionocytes and a 
population of small secretory cells that arise later in development. The 
ciliated cells were well characterised before this study but the other cell 
types were either unknown or not well defined. A summary of the 
important findings for each cell type follows. 
 
7.1.1 The ionocytes are the INCs 
Using a combination of markers and expression patterns, two types of 
ion-transporting cells were identified and shown to be the same 
population of cells as the INCs that intercalate alongside ciliated cells 
(Stubbs et al, 2006). These cells were renamed ionocytes by analogy to a 
similar population of cells found in zebrafish larvae (Jänicke et al., 2007). 
Two subtypes of ionocytes were identified based on both the differential 
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expression of markers and ultrastructural features identified by electron 
microscopy. The majority subtype (70%) expressed the markers carbonic 
anhydrase and v-ATPase in a predominantly basolateral membrane 
localization. The minority subtype did not express carbonic anhydrase but 
did express v-ATPase in an apical membrane domain. Both subtypes 
expressed the transcription factor foxi1e and their differentiation was 
shown to be under the control of this master regulator. Based on 
ultrastructural features, there also seemed to be two populations of 
ionocytes. Both were rich in mitochondria, but one had prominent 
microvilli at its apical surface and the other cell was smaller with apical 
vesicles located near the surface. When ionocytes were depleted by 
foxi1e knockdown, these two cell types were no longer present in the 
epidermis. The physiological function of each of the ionocyte subtypes is 
yet to be determined but by analogy to similar cells found in the kidney 
collecting duct, the frog skin and zebrafish larvae these cells are likely to 
be important in the regulation of acid-base homeostasis and 
osmoregulation.  
 
The importance of ionocytes in the epidermis was demonstrated by the 
impact of depleting them from the surface. Ionocytes were absent in 
foxi1e morphant embryos and this caused significant defects in the 
remaining cell types. The ciliated cells were particularly affected, with 
fewer and shortened cilia caused by mislocalization of basal bodies within 
the cytoplasm. There was also an apparent defect in the large secretory 
cells, which seemed to be impaired in secretion. This suggests a non-cell 
autonomous requirement for ionocytes in the correct development and 
function of adjacent cells. 
 
7.1.2 Large secretory cells 
In most recent studies these cells have been termed goblet cells. 
However, the results presented in this thesis together with its 
ultrastructural features suggest that it should perhaps be renamed. 
Traditional goblet cells are packed throughout the cytoplasm with 
secretory vesicles (Rogers, 1994), whereas these secretory cells had 
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apical vesicles that were rarely found within the cytoplasm. There is no 
doubt that these cells do secrete material onto the surface, as shown by 
EM here and by assays for secretion of the lectin xeel in other studies 
(Nagata, 2005). However, the exact composition of this material still 
remains unclear. Goblet cells, by definition, produce and secrete mucins. 
However, preliminary biochemical tests to identify mucins did not show 
any specific expression of mucins in these secretory cells. A mucin-like 
protein called otogelin was identified in these cells, but was not exclusive 
to these cells, it was also found in the ionocytes and the small secretory 
cells. This cell type does exclusively produce the lectin, xeel, but until 
these cells are definitively shown to be responsible for the production of a 
mucus layer, it is more appropriate to define them as large secretory 
cells.  
 
7.1.3 Small secretory cells 
This set of cells has been observed before by electron microscopy, but 
not characterized molecularly with specific markers until now (Montorzi et 
al., 2000; Nickells et al., 1988). The most likely reason that these cells 
have been neglected is because they appear after the other cell types 
have already differentiated. Ionocytes and ciliated cells enter the outer 
layer of the epidermis by late neurula stages (stage 19). They are active 
and mature alongside the large secretory cells by early tailbud stages 
(stage 25). However, the small secretory cells only arise between stage 
30 and stage 35. They have a very striking ultrastructural appearance, 
with a few large apical vesicles that appear as pits when they are 
secreting. They express otogelin at a much higher level than the large 
secretory cells. Therefore if any cell type can be directly comparable with 
the traditional goblet cells, perhaps it is these small secretory cells. Table 
7.1 summarises all the cell types studied in this thesis, the markers used 
to identify them and specific features of each cell. Possible equivalents in 
the human mucociliary epithelia of the respiratory tract are mentioned 
although, other than the cliated cells, it is not known if they are direct 
equivalents. 
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 Table 7.1 Cell types and their markers 
 
Cell Type Putative 
human 
mucociliary 
equivalent 
Markers Features/Comments 
 
Ciliated cells 
 
motile, 
multiciliated 
cells 
α-tubulin Cilia protrude from 
surface 
Large Secretory 
cells (Goblet 
cells) 
goblet cells Xeel, 
otogelin 
Most abundant cell 
type. Apical vesicles. 
Low-level otogelin 
Type 1 
Ionocytes 
 
serous acinar 
cells/serous 
cells 
Foxi1e, 
v1a, 
otogelin 
Mitochondria-rich. 
Apical v1a. Low-level 
otogelin expression. 
Type 2 
Ionocytes 
 
serous acinar 
cells/serous 
cells 
Foxi1e, 
v1a, ca12, 
otogelin 
Mitochondria-rich. 
Basolateral and 
cytoplasmic v1a. 
Basolateral ca12. 
Low-level otogelin. 
Small secretory 
cells 
 
goblet cells or 
clara cells 
Otogelin Large apical vesicles 
form pits. High-level 
otogelin. 
 
 
Figure 7.1 illustrates how each of the cell types identified in the epidermis 
might function as a unit. Diagrams are shown before and after the 
emergence of the small secretory cells. 
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 Figure 7.1 Model for the larval mucociliary epidermis of Xenopus tropicalis 
(A) Stage 25 embryos have goblet cells (brown), type 1 ionocytes (green), type 2 ionocytes (blue) and ciliated 
cells (yellow). Type 1 ionocytes show apically localized v-ATPase, whilst Type 2 ionocytes have microvilli and 
express basolateral ca12. Goblet cells and ionocytes are proposed to secrete otogelin, which may form a fibre-
like protective layer, which can be propelled by the cilia across the surface. (B) Stage 35 embryos have an 
additional cell type (red) that are proposed to secrete an abundance of otogelin onto the surface. These cells 
represent the small secretory cells with large apical vesicles/pits 
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7.2 A comparison with human mucociliary epithelia 
 
To be a successful research model for mucociliary epithelia, the larval 
epidermis of Xenopus should have significant similarity to its target, which 
in this case is the lining of the human airways. The polarised beating of 
motile ciliated cells is a feature of both the lower respiratory tract and the 
epidermis of Xenopus larvae (Hayes et al., 2007). However, this feature 
alone makes the epidermis a good model for cilia function, not 
necessarily mucociliary function. For mucociliary clearance, the human 
airways also require mucus production and the regulation of ionic 
balance. A large part of this thesis was to see if functional equivalents of 
these processes exist in the epidermis of Xenopus larvae.  
 
7.2.1 Mucus secretion 
The lower respiratory tract has a population of epithelial goblet cells and a 
population of mucous cells found in the submucosal glands. Both of these 
cell types are responsible for the secretion of mucins such as MUC5AC 
and MUC5B (Hovenberg et al., 1996b; Wickstrom et al., 1998). The 
Xenopus larval epidermis is clearly also a secretory epithelium, but it is 
not glandular and does not appear to have any cell type that is an exact 
equivalent of the goblet cells. The precise identity of the secretory 
material in the epidermis is still unclear. However, expression analysis did 
reveal the presence of otogelin and the possible expression of muc2a. 
The muc2a expression pattern was variable and further experiments are 
required to determine its authenticity. However, the otogelin expression 
pattern was clear, but not restricted to one cell type. Otogelin is predicted 
to have similar domains to the mucins but the mouse equivalent of this 
protein is not densely O-glycosylated (Cohen-Salmon et al., 1997). The 
vast network of carbohydrates is what gives the mucins and the mucus 
many of their structural and biophysical properties. Indeed, the 
electrostatic repulsion of these carbohydrate side chains is what causes 
such vast expansion of the mucins over the surface of the airways (Bansil 
et al., 1995). Otogelin is known to have the capacity to form gels (El-
 209 
Amraoui et al., 2001), but if it lacks the extensive O-glycosylation of 
mucins, it is difficult to see how it can undergo the same type of 
expansion to generate a mucus layer on the surface of the larval 
epidermis. It remains to be seen whether otogelin is capable of interacting 
with other proteins to form a mucus-like gel or whether it has other 
properties entirely. In summary, although an exact replica of the goblet 
cells does not seem to be present in the epidermis, the epidermis as a 
whole does appear capable of secreting a mucin-like substance that may 
well generate a mucus layer. Further work is required to biochemically 
characterise the secretions to confirm whether or not a mucus film is 
formed and transported by the beating of cilia. 
 
7.2.2 Ion Transport 
The majority of this thesis was concerned with the identification and 
characterization of the ionocytes. The ionocytes resemble the intercalated 
cells of the collecting duct in kidneys and could conceivably be a model 
for this cell type in their own right. However, the proposed function of 
ionocytes in ion balance homeostasis is an attribute also required in the 
airway epithelium for the regulation and maintenance of the airway 
surface liquid (ASL). The serous acinar cells of the submucosal glands 
and the serous cells of the epithelium regulate ion flow in order to control 
the volume and composition of the ASL (Ballard and Inglis, 2004). As 
discussed in earlier chapters, it seems unlikely that the ionocytes are a 
direct equivalent of the serous acinar cells because they seem to express 
a different complement of ion transporters. However, they still might be 
functional equivalents in the operation of a mucociliary epithelium. 
 
Ion transport serves several purposes in the human mucociliary 
epithelium of the airways. It is important for regulating fluid secretion so 
as to generate the periciliary liquid layer and hydrate the secreted 
mucins. Regulation of bicarbonate secretion is also important for 
secretion and expansion of mucins, whilst acid-base homeostasis is 
critical for several aspects of the epithelium. Each of these functions of 
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ion transport is discussed below, along with a consideration of whether 
ionocytes could provide the same role in the larval epidermis of Xenopus. 
 
7.2.2.1 Regulation of fluid secretion 
Serous acinar cells and some epithelial cells are responsible for the 
generation of ionic gradients that direct fluid flow either into, or out of, the 
airway lumen. This has a resultant effect on the volume of the PCL, which 
is important for effective mucociliary clearance. Serous acinar cells 
express a number of transporters that together balance the ion transport 
to maintain the volume of the PCL. As discussed earlier in the thesis, one 
of the main transporters is CFTR, which controls the level of chloride 
secreted into the lumen and also regulates the sodium transporter, ENaC 
(Ballard et al., 1999). Ionocytes in several organisms are known to be 
important cells in mediating osmoregulation (Kirschner, 1995) and they 
do this through regulating ion balance. In the adult frog skin, 
mitochondria-rich cells pump out protons through v-ATPase so as to 
facilitate the entry of sodium ions into the body, whilst chloride-
bicarbonate exchangers allow the intake of chloride with the consequent 
excretion of bicarbonate (Ehrenfeld and Klein, 1997). It is expected that 
the larval ionocytes function in the same way. In this respect, they 
perform a similar function to the serous acinar cells. However, the 
difference is the environment in which the lungs and the Xenopus larval 
epidermis are found. Since Xenopus is found in freshwater environment 
and is completely surrounded by water, the tendency is for water to enter 
through epidermal cells. In the airways, water can be secreted by actively 
moving ions, but it is difficult to see how this can be achieved in the larval 
epidermis. Therefore, it is not clear how or whether the ionocytes are 
capable of driving the formation of a similar type of PCL as found in the 
human airways. This will be an important consideration for future studies 
because without an equivalent of the PCL on the surface it is not obvious 
how a mucus layer can be maintained in the correct position for 
interaction with the tips of the cilia during clearance. Perhaps a different 
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mechanism of action occurs on the larval epidermis, but this remains to 
be investigated.  
 
7.2.2.2 Secretion of bicarbonate 
The role of CFTR in the transport of bicarbonate has received much 
attention recently because of its importance for the secretion and 
expansion of mucins in the airways (Chen et al., 2010). It is believed that 
in cystic fibrosis, the availability of bicarbonate is reduced and hence the 
mucin polymers cannot expand as efficiently resulting in abnormal mucus 
that is thick and adherent (Quinton, 2008). Interestingly, a study into 
bicarbonate and mucus production in the gut has suggested that mucin 
secretion from goblet cells is controlled by bicarbonate secretion through 
CFTR in adjacent enterocytes (Garcia et al., 2009). It has even been 
proposed that intercellular communication between enterocytes and 
goblet cells through gap junctional transport of bicarbonate can facilitate 
mucin secretion (De Lisle, 2009). This apparent non-cell autonomous 
effect of one cell type on the function of another is what may be occurring 
with the ionocytes and the other cells of the epidermis. When ionocytes 
were depleted, defects were seen in the remaining cell types. In Chapter 
5, a model was proposed whereby depletion of ionocytes induces 
acidosis, which then has downstream effects on PCP proteins such as 
Dishevelled, preventing basal body docking and secretion. However, this 
model may only describe the extreme event when the cell type is absent. 
Perhaps in normal conditions ionocytes can also regulate bicarbonate 
levels, which impacts on secretion of mucins from neighbouring cells. 
Indeed, the ionocytes do have the capacity to secrete bicarbonate since 
they express carbonic anydrases (e.g. ca12) and chloride-bicarbonate 
exchangers (e.g. pendrin). Perhaps targeting all of the bicarbonate 
transporters in the ionocytes for knockdown will cause similar defects in 
mucins as seen in cystic fibrosis. However, this is of course dependent on 
mucins actually being secreted - something that has not been 
conclusively demonstrated as yet, as discussed earlier. 
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7.2.2.3 Acid-base homeostasis 
The airways also regulate the acid-base homeostasis in the lumen and 
this is important for several aspects of the mucociliary clearance 
mechanism. In humans, the airway surface liquid is maintained at a 
slightly acidic pH and several ion transporters have been identified that 
contribute to this homeostasis. These transporters are not just expressed 
in the serous acinar cells, but in epithelial cells too. This includes the 
H+/K+ ATPase, which actively pumps out protons whilst taking in 
potassium ions (Coakley et al., 2003). CFTR also regulates the pH 
through bicarbonate transport, which buffers the acidic environment. This 
might explain why cystic fibrosis patients sometimes have acidic airway 
surface liquid because bicarbonate levels are lowered and the buffering 
capacity is lost (Tate et al., 2002). Meanwhile, v-ATPase has also been 
identified in apical membranes of non-ciliated cells in mouse airways, 
although the exact cell type was not determined (Miller et al., 2005).  
 
The regulation of pH is important because hyperacidified airway surface 
liquid can affect structural properties of mucins, the beating of cilia and 
the activity of antimicrobial factors. At low pH (e.g. pH 2), the 
carbohydrates of mucins are no longer charged so they do not repel each 
other to form the expanded rod-like structures, but instead hydrophobic 
interactions occur and they are more tightly associated resulting in thicker 
and more viscous mucus (Nystrom et al., 2010). This is illustrated by the 
gastric mucins, which are present in the low pH environment of the 
stomach and as a result the mucin monomers tend to aggregate to form 
the thick layer of mucus on the gastric lining (Bhaskar et al., 1991). 
Meanwhile, a low pH environment is believed to result in a reduction in 
ciliary beat frequency, which has obvious implications for mucociliary 
clearance (Clary-Meinesz et al., 1998). Acidic conditions are not 
conducive to antimicrobial factors such as defensins (Nakayama et al., 
2002), which are inhibited at low pH, whilst phagocytic destruction of 
bacteria is also hindered at low pH (Allen et al., 1997), which could result 
in the persistence of bacterial colonisation. Of course acid-base balance 
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is proposed to be a major function of ionocytes and so it could potentially 
regulate the surface of the epidermis in the same way as the ion 
transporters do in the airway lumen. 
 
7.3 Assessment of the model 
 
There are clear similarities between the human mucociliary epithelium 
and the larval epidermis of Xenopus tropicalis. But can it be an effective 
model to study the basic mechanisms of mucociliary clearance? 
 
7.3.1 Strengths 
The main advantage of this model is that it is accessible and can be 
studied live. This means that any genetic or environmental manipulations 
can be observed directly and in native conditions. The impact on the 
whole organism can be determined. This was illustrated by the depletion 
of ionocytes in this study, which was first deemed to have an effect on the 
rest of the epidermis because the embryos no longer showed the drifting 
motion typical of polarised ciliary beating.  In fact, this is a good live assay 
to test the impact of various components on mucociliary clearance. This 
is certainly an advantage over the mammalian systems, which cannot be 
observed directly unless studied by non-native in vitro techniques. 
Xenopus embryos also have an advantage over other animal models 
because they can be used in vast numbers, so results and trends can be 
quantitated easily. Another advantage is its genetic flexibility. The ability 
to identify and knockdown targets was exemplified in this study and is 
made easier by the recent completion of the sequencing of the Xenopus 
tropicalis genome (Hellsten et al., 2010). A situation could be envisaged 
whereby a potentially important component of the mucociliary epithelia is 
identified in the genome, targeted by morpholino knockdown and the 
effects on mucociliary clearance observed in live conditions. This would 
be an extremely powerful and flexible system to systematically determine 
the importance of various targets. The identification of all of the cell types 
in this study certainly provides a solid foundation in this regard. 
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Furthermore, the finding that ionocytes affect neighbouring cells during 
the development of the epidermis suggests that this system could be a 
very effective platform to model cell-cell interactions that occur within a 
mucociliary epithelium. 
 
7.3.2 Limitations 
Some criticisms and limitations of Xenopus as an adequate model system 
to replicate human mucociliary epithelia will always remain. The fact that 
the model is amphibian rather than mammalian may make direct 
comparisons difficult. Also many disease conditions are specific to 
humans, so are likely to be very challenging to replicate in this system. 
Another limitation is the difference in environment between the human 
mucociliary epithelia and the Xenopus epidermis. Whilst the human 
epithelium is at an air-liquid interface, the epidermis of Xenopus is 
completely surrounded by water. Again this could be a hindrance if the 
system is to be used to directly model the human epithelia. The other 
limitations are based on the fact that, despite many advances being made 
to characterise the epidermis in this study, there are still many questions 
and unknowns. This includes the fact that no conventional mucins were 
identified. So can a mucus layer still be generated? Otogelin may well 
substitute for the conventional mucins but based on its predicted 
structure, it is likely to have different properties. Because the mucus-
forming material has been difficult to identify, it is still not clear whether 
the epidermis forms a liquid layer similar to the PCL. Meanwhile, if the 
aim is to study goblet cells, then this is probably not the best system to 
use because there does not seem to be a direct functional equivalent in 
the epidermis even though mechanisms of secretion could be similar. 
 
7.3.3 Future Perspectives and Potential Applications 
As for all other model systems, the utility of the Xenopus epidermis can 
only be judged based on what it is used for. Mammalian models will 
remain the closest systems in which to study human mucociliary function, 
but this new amphibian model could provide a simple platform to study 
the basis of mucociliary clearance. This model is still being developed 
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and there are several limitations and unknown elements, as discussed. 
However, if the epidermis is found to secrete material that forms a ‘mucus 
film’ like in mammalian epithelia then it can undoubtedly be a very 
powerful system. In this regard the immediate next steps should be to 
characterise otogelin and any other mucin-like species to test their gel-
forming properties. If the ciliated cells are found to transport the material 
on the surface like other mucociliary epithelia, the strengths of the model 
can really be applied. 
 
The accessibility and genetic flexibility of this model could be used to 
target specific components of the clearance mechanism or it could even 
act as a platform to test various stimuli and secretagogues. Meanwhile, 
the ionocytes could potentially be manipulated to change the ionic 
balance of the epithelium and determine the impact on mucociliary 
clearance. It is even possible that disease models could be artificially 
created and novel therapeutics could be administered as a first test of 
their potency. It is envisaged that this new model will represent a 
complementary system to the current models rather than being a direct 
replacement. 
 
7.4 Final Conclusions 
 
In this study, the possibility of using Xenopus larval epidermis as a model 
for mucociliary research has been introduced. At the moment, the model 
is still in its infancy, but the efforts made to fully characterise the cell 
types in the epidermis should aid considerably in its future development, 
particularly if the similarities with human mucociliary epithelia can be 
strengthened. 
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Overview 
 
The following paper was published at the end of 2010 and represents a 
large proportion of the work presented in this thesis. However, there are 
some differences. The emphasis of this paper was the identification of 
ionocytes and their function in the epidermis. The data in the final chapter 
of the thesis is not included at all. The paper also shows an ultrastructural 
analysis of the epidermis by electron microscopy but the interpretation of 
each cell type is not as throrough as in this thesis. For example, the small 
secretory cells are highlighted as possible examples of ionocytes. This 
was done before the work on otogelin showed that the small secretory 
cells are likely to be a unique cell type that arises later in development 
than ionocytes and ciliated cells. The paper also suggests the relevance 
of this work to several tissues and disease conditions, whereas the main 
focus of this thesis was on the function and disease of mucociliary 
epithelia. 
 
 
 
 
 
INTRODUCTION
Mucociliary, secretory and transporting epithelia line all cavities
and organs of the body, and perform a number of specialised
functions. Mucociliary epithelia of the upper respiratory system
provide a protective barrier against foreign particles, such as
toxins, allergens and infective agents. For example, mucus in the
lungs traps potentially harmful pathogens so that the cilia can move
them away before they can infect the cells (Knowles and Boucher,
2002). Secretory epithelia are found in the gut, in which goblet cells
secrete a protective mucus layer into the lumen to prevent infection
and support the normal microflora (Specian and Oliver, 1991). The
kidney can be described as a transporting system specialising in
proton-secretion but also reabsorption processes, to ensure that
essential molecules remain in circulation while waste products are
removed (Al-Awqati and Schwartz, 2004).
There are many diseases associated with defective epithelia and
they are often caused by defects in individual cell types. For example,
in mucociliary epithelia, there is a range of disorders associated
with aberrant ciliated cells. Primary ciliary dyskinesia (PCD)
describes a number of related diseases of motile cilia, characterised
by defects in the structure of the cilia and/or the ability of the cilia
to beat (Eley et al., 2005). This can lead to conditions such as rhinitis
and sinusitis. Defects in goblet cells can also cause mucociliary
disease. Examples include chronic obstructive pulmonary disease
(COPD) and asthma, in which an excess of goblet cells form.
Excessive mucus production obstructs the beating of cilia required
to clear pathogens, resulting in persistent and chronic infection
(for a review, see Turner and Jones, 2009).
Diseases of the gut can also arise as a result of defective goblet
cells. Examples include pseudomyxoma peritonei, in which an
abundance of mucus is secreted as a result of increased goblet cell
number, and inflammatory bowel disease, a condition linked to
autoimmune production of antibodies directed against goblet cells
(Ardesjo et al., 2008; O’Connell et al., 2002). Meanwhile, one of the
principal roles of the kidney is to ensure acid-base homeostasis; as
a consequence of defects in this function, disease often manifests
itself in acidosis or alkalosis. One such example is distal renal
tubular acidosis, which is caused by defects in the function of
intercalated cells or indeed complete absence of these cells (Karet,
2002).
However, multiciliated epithelia and other specialised secretory
epithelia such as those found in the lung, kidney and gut, are
composed of several cell types that work together to form a
functional organ. For example, in the mucociliary epithelia of the
upper respiratory system, one finds specialised mucus-secreting
goblet cells, ciliated cells, as well as serous cells (Chilvers and
O’Callaghan, 2000; Fischer and Widdicombe, 2006; Houtmeyers et
al., 1999). In the gut, goblet cells are also found interspersed with
enterocytes (Garcia et al., 2009), and in the kidney - and -
intercalated cells of the collecting duct are interspersed with
principal cells (Wagner et al., 2009) and multiciliated cells (Kramer-
Zucker et al., 2005; Liu et al., 2007). Understanding how the
breakdown in the cooperation between specialised cell types gives
rise to disease has been more difficult to study than defects in single
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SUMMARY
Specialised epithelia such as mucociliary, secretory and transporting epithelia line all major organs, including the lung, gut and kidney. Malfunction
of these epithelia is associated with many human diseases. The frog embryonic epidermis possesses mucus-secreting and multiciliated cells, and
has served as an excellent model system for the biogenesis of cilia. However, ionic regulation is important for the function of all specialised epithelia
and it is not clear how this is achieved in the embryonic frog epidermis. Here, we show that a third cell type develops alongside ciliated and mucus-
secreting cells in the tadpole skin. These cells express high levels of ion channels and transporters; therefore, we suggest that they are analogous
to ionocytes found in transporting epithelia such as the mammalian kidney. We show that frog ionocytes express the transcription factor foxi1e,
which is required for the development of these cells. Depletion of ionocytes by foxi1e knockdown has detrimental effects on the development of
multiciliated cells, which show fewer and aberrantly beating cilia. These results reveal a newly identified role for ionocytes and suggest that the frog
embryonic skin is a model system that is particularly suited to studying the interactions of different cell types in mucociliary, as well as in secretory
and transporting, epithelia.
Embryonic frog epidermis: a model for the study of
cell-cell interactions in the development of mucociliary
disease
Eamon Dubaissi1 and Nancy Papalopulu1,*
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cell types. Studying these epithelia in the whole organism is
challenging because they are not easily accessible and experimental
work often requires invasive techniques. Studies frequently involve
fixed samples or in vitro systems that poorly recapitulate complex
cell-cell interactions. Thus, there is a need for model systems that
recreate the function of complex epithelia in an in vivo setting.
The frog embryonic ectoderm bears remarkable similarities with
mammalian mucociliary epithelia, such as those found in
respiratory tissue, because it possesses multiciliated cells and
mucus-secreting goblet cells (Billett and Gould, 1971). So far, it has
been used as an accessible and experimentally tractable model
system to understand the molecular mechanisms of ciliogenesis
(Deblandre et al., 1999; Hayes et al., 2007). It is hoped that these
experiments will lead to a better understanding of the pathogenesis
of diseases that involve ciliated cells (Wallingford, 2006).
Here, we expand on the studies of the frog epidermis that have
looked at ciliated cells alone, to study the function of the
mucociliary epidermis as a system of interacting cell types. First,
we show that, alongside goblet and ciliated cells, there is a third
cell type that expresses a number of ion regulators, including proton
pumps such as vacuolar ATPase (v-atpase), ion-generating enzymes
such as carbonic anhydrase 12 (ca12), and ion transporters such
as pendrin (slc26a4) and monocarboxylate transporter 4 (mct4).
Then, we show that, like ciliated cells, ionocytes intercalate into
the outer layer of the epidermis during development and their
specification is under the control of the transcription factor
forkhead box protein I1-ema (foxi1e). Finally, we report that the
specification and intercalation of ciliated cells proceeds normally
in the absence of ionocytes (achieved by foxi1e knockdown) but
that they possess fewer and shorter cilia that do not beat properly.
Thus, we propose that ionocytes play an important role in the
development of a functional mucociliary epithelium. We present
these results as an introduction to a potentially very powerful and
versatile model system for studying a number of diseases associated
with complex epithelia and, in particular, with the ionic control of
an epithelium.
RESULTS
Gene expression reveals the presence of ionocytes that intercalate
alongside ciliated cells
The Xenopus larval epidermis is known to consist of mucus-
secreting goblet cells and ciliated cells, bearing multiple beating
cilia (Billett and Gould, 1971). However, double staining with a
ciliated-cell marker and a goblet-cell marker revealed the presence
of additional cells that are found in almost equal numbers as the
ciliated cells (Fig. 1A, arrow) but their molecular profile and
physiological properties are not known. Previous studies have
reported a population of uncharacterised intercalating non-ciliated
cells (INCs) that intercalate in an irregular pattern (Stubbs et al.,
2006) (Fig. 1B). Such an uncharacterised population has also been
shown, or inferred, in previous studies as developing alongside
mucus-secreting goblet cells (Billett and Gould, 1971; Hayes et al.,
2007; Mitchell et al., 2009; Montorzi et al., 2000; Nickells et al.,
1988; Stubbs et al., 2006).
To gain a better understanding of these cells, we pulled genes
that showed an irregular spotted expression pattern in the
embryonic epidermis from a previous in situ expression screen.
Most of the genes that fit this criterion were found to encode ion
channels (such as subunits of v-atpase; referred to as atp6v),
enzymes (such as ca12) and transporters (such as slc26a4 and mct4)
(Fig. 1C). V-ATPase is a large multimeric enzyme that uses energy
from ATP hydrolysis to actively pump out protons. Together these
subunits act to acidify both the local environment and intracellular
vesicles, in many organs. For example, in the kidney, V-ATPases
are important for final urinary acidification and bicarbonate
(HCO3–) reabsorption (Jouret et al., 2005; Wagner et al., 2004). We
have examined the expression of subunits atp6v1a (herein referred
to as v1a), atp6v1g (referred to as v1g) and atp6v0d (referred to as
v0d); all showed a spotted and irregular pattern within the
epidermis (Fig. 1C).
Ca12 encodes for a transmembrane enzyme that catalyses the
reversible hydration of carbon-dioxide-releasing protons and
HCO3–. This enzyme has been shown to be expressed in secretory
cells of the kidney and stomach of mouse and human (Kallio et al.,
2006; Liao et al., 2009b), as well as being upregulated in tumours
(Proescholdt et al., 2005). ca12 showed similar expression to v1a
in the Xenopus epidermis, but was also expressed in the otic and
olfactory placodes (Fig. 1C). Slc26a4 is a chloride (Cl–)-HCO3–
exchanger found to be involved in renal chloride reabsorption
(Wagner, 2007), whereas Mct4 exchanges lactate for protons,
particularly in glycolytically active cells (Dimmer et al., 2000). Both
of these proteins displayed a scattered, spotted distribution but
mct4 also showed expression in the somites (Fig. 1C). To find out
whether the cells expressing these were intercalating cells, we
sectioned embryos at early neurula stages and early tailbud stages
following fluorescent in situ hybridisation for ca12 and v1a. The
change in gene expression can be seen in transverse sections (Fig.
1D). The spotted pattern changed from the inner layer (at early
neurula; stage 14) to the outer layer (at early tailbud; stage 25) over
time (Fig. 1D), suggesting that these cells undergo intercalation
during approximately the same time period as ciliated cells and
INCs (Stubbs et al., 2006).
These data suggest that the INCs represent a cell type that is
rich in ion modulators and is likely to have a role in regulating the
ionic homeostasis in the epidermis. Such cells are found in the fish
epidermis and gills, where they are called ionocytes (Hwang,
2009). By analogy, we propose that these cells in the frog epidermis
are also termed ionocytes.
Immunohistochemistry and ultrastructure of Xenopus embryonic
epidermis reveals two types of ionocytes
Immunofluorescence experiments in whole mounts and sections
conclusively showed that ionocytes, that is, v1a- and ca12-expressing
cells, are distinct from ciliated cells, which are marked with
acetylated -tubulin (Fig. 2A-F). In most cases, ionocytes were
closely associated with ciliated cells, such that most ciliated cells
make direct contact with one or two ionocytes. In some cases,
ionocytes developed next to each other. There were more v1a-
expressing cells than ca12-expressing cells, suggesting the existence
of different ionocyte subtypes, as will be further discussed below.
ca12 was localised to the basolateral side (Fig. 2F) but two subcellular
localisations of v1a were observed; in some v1a-positive cells, v1a
was apically localised (type 1; Fig. 2C,G,H,J), whereas in the majority
it was basolaterally localised (type 2; Fig. 2G,I,J). Finally, on the basis
of double immunostaining with anti-v1a and anti-ca12, we suggest
that there are at least two subtypes of ionocyte; one that coexpresses
dmm.biologists.org
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v1a and ca12, and one that expresses v1a but not ca12 (Fig. 2K-M).
Furthermore, in the cells that coexpress v1a and ca12, v1a is
basolaterally localised, whereas in the cells that express v1a only, it
is apically enriched. In the fish and adult frog, at least two subtypes
of ionocytes have been described (Ehrenfeld and Klein, 1997; Horng
et al., 2009; Hwang, 2009; Liao et al., 2009a) and, similarly, two types
of intercalated cells,  and , are found in the mammalian kidney
(Brown and Breton, 1996). Apical localisation of v1a is consistent
with what is observed in -intercalated cells in the mammalian
kidney (Brown et al., 1981; Kyllonen et al., 2003).
To gain a better understanding of the ultrastructure of the cell
types found in the outer layer of embryonic Xenopus epidermis,
we performed scanning (SEM) and transmission (TEM) electron
microscopy on stage 30 wild-type embryos (Fig. 3). We were able
to obtain evidence of intercalating cells (Fig. 3A,B). These cells had
a triangular shape and inserted themselves by extending a
cytoplasmic process towards cell adhesion junctions (Fig. 3B).
Goblet cells were flatter and characterised by numerous vesicles
that were densely arrayed below the apical membrane, occasionally
releasing their content to the outside (Fig. 3C,D). These vesicles
are relatively small (1.26±0.07 m) and contain granular material
shown to be positive for the epidermal lectin, xeel (Fig. 3C,D)
(Nagata, 2005), which is also called intelectin-2 (Hayes et al., 2007).
In addition to xeel, the material being secreted might also contain
mucus and, indeed, in some EM images, a layer of material coating
the surface of the embryo could be seen (data not shown). To date,
there is little information as to which mucins are secreted by these
goblet cells.
Ciliated cells were characterised by possessing numerous cilia that
were docked just below the apical membrane by a basal body and
that connected to the internal cytoskeleton by a rootlet, as previously
described (Fox and Hamilton, 1971; Park et al., 2008; Yang and Li,
Disease Models & Mechanisms
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Fig. 1. Ionocytes (cells expressing ion modulators) show a scattered epidermal distribution. (A)Images of whole-mounted X. tropicalis tadpole skin (stage
27) showing that ciliated cells, visualised with an 1-tubulin probe, and goblet cells, recognised by staining with an anti-lectin antibody, anti-xeel (red), account
for the majority of cells in this tissue. However, a cell type that does not express either 1-tubulin nor xeel is also present (arrow). Approximately 60% of cells in
this tissue are goblet cells, 18% are ciliated cells and approximately 22% represent an uncharacterised cell type(s). (B)Model for the development of the
mucociliary epidermis of Xenopus. During the early neurula stage, ciliated cells (red) and other INCs (green) are specified in the inner epidermal layer (1; yellow).
By the late neurula stage, both cell types intercalate into the outer layer (2; blue), where ciliated cells undergo ciliogenesis (3) [modified from Stubbs et al. (Stubbs
et al., 2006)]. (C)Several ion transporters and enzymes show a scattered, punctate expression pattern in the epidermis by in situ hybridisation. This includes three
subunits of the v-atpase enzyme complex (v1a, v1g and v0d), ca12 (also expressed in the otic vesicle and olfactory placode), slc26a4 (pendrin) and mct4 (also
expressed in the somites). ov, otic vesicle; op, olfactory placode; s, somites. (D)Sectioning of embryos probed for v1a or ca12 (red) by fluorescent in situ
hybridisation and DAPI staining for nuclei (blue). At the neurula stage (stage 14), cells expressing v1a and ca12 are located in the inner layer of the epidermis and
then move into the outer layer by tailbud stage (stage 25). Scale bars: 50m (A,D); 250m (C).
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2005) (Fig. 3E,F). Another population of cells seemed to possess apical
microvilli and these also tended to be triangular in shape, developed
in close apposition to ciliated cells and sometimes appeared in pairs
(Fig. 3G,H). A population of cells with apical pits could also be seen
in SEM (Fig. 3I,J). The apical openings differ in size (0.64-1.3 m)
between cells, but this might indicate different phases of secretory
activity. Both microvilli-bearing cells and apical-pit-bearing cells had
an abundance of mitochondria (evident for microvilli-rich cells in
Fig. 3G) and they might correspond to the ion-modulating cells. In
zebrafish and in adult frog skin, mitochondria-rich cells (MR cells)
are so-called because they have an abundance of mitochondria that
are believed to energise the ionic activity of the cell (Ehrenfeld, 1998;
Esaki et al., 2007). They are most probably the same cell type as
ionocytes. Although EM analysis confirmed the presence of
additional cell types to ciliated and goblet cells in the embryonic frog
skin, immuno-EM will be needed to accurately correlate these
to  the  cell types identified by in situ hybridisation and
immunohistochemistry.
foxi1e is expressed in ionocytes and controls the expression of v1a
To find out whether ionocytes have a role in the development of
the epidermis, first we sought to find out how their formation is
regulated. We cloned and characterised the transcription factor
foxi1e in Xenopus tropicalis, because members of this family have
been shown to be important in ionocyte development in zebrafish
and other systems. In Xenopus laevis, the closest homologue is
foxi1e (also known as xema) (supplementary material Fig. S1).
Earlier studies in the frog showed that the expression of foxi1e is
controlled by interaction of vegT, bmp and notch signalling, and,
in turn, foxi1e is needed to form both neural and epidermal
ectoderm (Mir et al., 2008; Mir et al., 2007; Suri et al., 2005). foxi1e
was shown to be expressed in scattered cells in the epidermis that
were distinct from ciliated cells; however, the expression was not
characterised further (Mir et al., 2008; Mir et al., 2007; Suri et al.,
2005). In the X. tropicalis tadpole, foxi1e was also found to be
expressed in a scattered pattern (Fig. 4A). Cross-section analysis
showed that foxi1e-expressing cells intercalate from the inner to
the outer layer of the epidermis, suggesting that they are either
ciliated cells or ionocytes (Fig. 4A).
Immunohistochemistry using an anti-foxi1e antibody together
with anti-acetylated -tubulin or anti-xeel showed that the foxi1e-
expressing cells do not overlap with either ciliated or goblet cells,
suggesting that they are likely to be ionocytes (Fig. 4B). Indeed,
combining in situ probes with immunohistochemistry showed that
dmm.biologists.org
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Fig. 2. Most ionocytes develop in contact
with ciliated cells. (A-F)Whole-mount co-
immunostaining for xeel (A,D), acetylated -
tubulin (B,E) and v1a (A-C) or ca12 (D-F) in X.
tropicalis tadpole epidermis shows that v1a-
or ca12-expressing cells are neither goblet or
ciliated cells but develop in close association
with ciliated cells. High magnification of the
area enclosed in a yellow box in B and E is
shown in cross-section in C and F. v1a (C;
green) shows close coupling with ciliated
cells (C; red), whereas ca12 shows distinct
basolateral staining in these transverse
sections (F; green). The ca12-expressing cell
(green) is also in direct contact with a ciliated
cell (red). (G)Immunostaining of v1a (green)
shows two distinct cell types. Approximately
30% of cells show bright apical staining
corresponding to type 1 cells (highlighted
with arrows), whereas the remaining v1a-
expressing cells (type 2) show lateral
membrane staining. (H,I)High magnification
of type 1 and type 2 cells, respectively.
(J)Cross-section of type 1 (arrow) and type 2
(arrowhead) v1a-expressing cells (green)
shown adjacent to ciliated cells (red). (K-
M)Co-immunostaining of ca12 (green) with
v1a (red) shows colocalisation of these two
markers in type 2 cells. Scale bars: 50m
(A,B,D,E,G,K-M); 10m (C,F,H,I); 20m (J).
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all foxi1e cells expressed v1a. However, only 70% of foxi1e-positive
cells expressed ca12. Direct comparison between v1a and ca12
confirmed that all ca12-positive cells express v1a but not all v1a-
positive cells express ca12 (Fig. 4C; see also Fig. 2M). The simplest
explanation for this result is that both ionocyte subtypes (ca12+/v1a+
and ca12–/v1a+) express foxi1e. In zebrafish, foxi3a and foxi3b are
expressed in different subtypes of ionocytes, whereas the mammalian
Foxi1 is present in intercalated cells in the kidney (Kurth et al., 2006),
the inner ear (Hulander et al., 2003) and the epididymis (Blomqvist
et al., 2006), sites where ionic homeostasis is crucial for function.
We then investigated whether foxi1e is sufficient to induce the
development of ionocytes. Overexpression of foxi1e by mRNA
injection in one cell of the two-cell stage embryo increased the number
of cells expressing v1a on the injected side of neurula and tadpole
stage embryos (Fig. 5A,B). Combining v1a in situ hybridisation with
anti-acetylated -tubulin immunohistochemistry showed that there
Disease Models & Mechanisms
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Fig. 3. Ultrastructure of X. tropicalis embryonic epidermis
reveals four distinct cell types. (A,C,E,G,I) SEM images of
transverse sections and (B,D,F,H,J) TEM images of stage 30
tadpole epidermis. (A,B)Two intercalating cells (arrows in A)
can be recognised by their triangular shape, as they insert
themselves in the outer cell layer. The boxed area in A is
shown in higher magnification in B and shows a cytoplasmic
protrusion of an intercalating cell (arrow) breaking into the
cell adhesion junction area of outer cells (arrowhead). (C,D)A
goblet cell, characterised by secretory vesicles releasing
mucus (arrows). (E,F)A ciliated cell (CC), characterised by the
presence of multiple long cilia (F), each docked to the apical
membrane by a basal body (arrowhead; E) connecting to an
internal rootlet (arrow; E). (G,H)A distinct cell type, rich in
microvilli (arrow in G) and mitochondria (arrowhead in G). We
suggest that this is one type of ionocyte. mv, microvilli.
(I,J)Intercalated cell exhibiting large apical vacuoles (arrows),
approximately 1m in diameter, which can be seen in both
TEM (I) and SEM (J) images. This cell is also mitochondria rich
(not shown) and we suggest that this is another type of
ionocyte. Scale bars: 2m (A,C,G,I); 0.5m (B,E); 5m (D);
20m (F,H); 10m (J).
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was an excess of v1a-positive cells on the injected side and that these
formed at the expense of ciliated cells (Fig. 5B). Thus, foxi1e is not
only a marker of ionocytes but it also specifies their formation.
foxi1e knockdown depletes the population of ionocytes in the
epidermis
foxi1e was knocked down using either a translation-blocking
morpholino (ATG MO) that covered the ATG start site or a splice
MO (sp MO) that covered the splice acceptor site (Fig. 6A). The
efficiency of the splice MO was confirmed by the aberrant pattern
of splicing (Fig. 6B). Ornithine decarbocylase (odc) is a ubiquitously
expressed gene that was used as a loading control to show that loss
of foxi1e was due to the presence of the splice morpholino rather
than a difference in the amount of starting material. The efficiency
of the ATG MO was shown by both the reduction of foxi1e-
haemagglutinin (HA) protein level in the embryo (supplementary
material Fig. S2) and reduced immunostaining for foxi1e (Fig. 6D).
Both MOs gave the same phenotypic results, confirming the
specificity of the phenotype.
By comparing the in situ expression patterns of v1a and -tubulin
in embryos injected with the foxi1e ATG MO, sp MO or an MO
control (MOC), it was clear that loss of foxi1e leads to loss or
reduction in expression of v1a, whereas -tubulin expression was
not affected (Fig. 6C). It was unclear whether the ion-modulating
cells were still present in the epidermis but did not express v1a or
whether this cell type was missing altogether. To clarify this, we
performed in situ hybridisation for foxi1e transcript, after foxi1e
protein had been knocked down with the ATG morpholino (Fig. 6B),
reasoning that the loss of ionocytes due to foxi1e depletion would
be evident by a loss in foxi1e mRNA expression. Indeed, the level of
foxi1e mRNA was reduced substantially in the epidermis, suggesting
that ion-modulating cells are absent (Fig. 6D). This was also
supported by two more observations. First, there were no cells in
the epidermis that were neither -tubulin nor xeel positive (Fig. 6D).
Second, in the MO-injected embryos the pattern of goblet cells
around the ciliated cells assumed a rosette formation (Fig. 6D), which
reflects the regular pattern of intercalation of ciliated cells. Normally,
this pattern is broken by the irregular intercalation of non-ciliated
cells (Stubbs et al., 2006), which we now know are ionocytes. The
persistence of this rosette pattern in the epidermis of MO-injected
embryos indicates that ionocytes are lost, leaving just goblet and
ciliated cells.
dmm.biologists.org
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Fig. 4. Ionocytes express the
transcription factor foxi1e. (A)Whole-
mount in situ hybridisation and cross-
sections of stage 14 and stage 25
embryos hybridised with foxi1e probe.
foxi1e is expressed in a spotted pattern
and the location of the expressing cells
changes from the inner to outer layer
between the neurula and tailbud
stages. Sections are on fluorescent in
situ samples with foxi1e in red and DAPI
staining in blue. Scale bars: 250m
(whole mounts); 50m (sections).
(B)Whole-mount double
immunostaining of stage 27 tadpoles
with anti-foxi1e, anti-acetylated tubulin
and anti-xeel, as indicated. foxi1e-
expressing cells (green) are distinct
from ciliated (CC) and goblet (GC) cells.
Scale bars: 50m. (C)Whole-mount in
situ hybridisation with foxi1e probe and
immunostaining with anti-ca12 and
anti-v1a, in the combinations indicated.
Upper and lower panels represent the
same field of imaging, with upper
panels showing the in situ probes and
lower panels showing antibody
staining overlaying the in situ probes.
In the foxi1e/ca12 combination, arrows
point to three cells that express foxi1e
but not ca12, and arrowhead points to
a cell that expresses both. In the
foxi1e/v1a combination, complete
overlap is detected. In the v1a/ca12
combination, arrows point to three cells
that express v1a but not ca12, and
arrowhead points to a cell that
expresses both. Scale bars: 40m.
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Loss of ionocytes has a detrimental effect on the mucociliary
epidermis
To look more closely at the surface of embryos lacking ionocytes,
we immunostained for acetylated -tubulin and ca12 or v1a. As
expected, ca12 and v1a were also missing at the protein level (Fig.
6E). Although -tubulin expression was not affected in the foxi1e
morphants (Fig. 6C), the immunostaining for acetylated -tubulin
was reduced, raising the possibility that the differentiation of ciliated
cells is abnormal. When foxi1e was knocked down, each ciliated
cell had fewer cilia, which seemed shorter and sometimes entwined
with each other (Fig. 6E). This experiment was repeated
independently four times and these defective cilia were apparent
and significantly different than control embryos (Student’s t-test:
P<0.01, MOC2/32 embryos with defective cilia; foxi1e ATG42/47
embryos with defect; Fig. 6E).
Embryos injected with foxi1e MO did not ‘drift’ in the culture
dish, a characteristic behaviour due to the beating of cilia, and
fluorescent beads moved considerably slower over the surface of
morphant embryos, suggesting abnormal ciliary beating (data not
shown).
To gain a greater insight into the impact of foxi1e knockdown
on the mucociliary epidermis as a whole, SEM and TEM were
performed on morphant embryos. These showed that small cells
with apical openings were absent from the surface. Just as shown
by immunofluorescence, the SEM images indicated that the
major defect was in the ciliated cells (Fig. 7A,B). The cilia are less
abundant and seem to be shorter than in control embryos. TEM
images showed that the ciliated cells in the foxi1e morphant
embryos possessed numerous basal bodies, but these were
abnormally located deep in the cytoplasm (Fig. 7C, marked by
arrowheads). By contrast, in the controls, basal bodies were found
close to the apical membrane, where they normally dock (Park
et al., 2008). Thus, it is very likely that the reduction in the number
of cilia is due to failure of basal bodies to migrate and/or dock to
the apical side. There were also some noticeable changes in the
morphology of the cells surrounding the ciliated cells. These were
more difficult to describe but it seems that these cells have
developed excessive villi or protrusions. Indeed, TEM images also
showed that, in experimental animals, goblet cells harboured
cytoplasmic protrusions resembling microvilli, which seemed
covered by a dense material (Fig. 7D, arrowheads). In addition,
goblet cells were larger compared with controls (also seen by xeel
staining, Fig. 6D).
Ionocytes exert a non-cell-autonomous effect on ciliated cells
Our results so far showed that the loss of ionocytes impacts
negatively on the maturation and function of the ciliated cells,
suggesting that there is a non-cell-autonomous effect from the
ionocytes to the neighbouring ciliated cells. To test this idea
further, we transplanted foxi1e MO-injected ectoderm (FITC
labelled) into a wild-type host, to form a morphant clone of cells
for analysis at the tadpole stage (mosaic analysis; Fig. 8A). As
expected, the morphant clone showed lack of ionocytes and had
abnormal ciliated cells, with fewer cilia. We did not detect abnormal
ciliated cells in the wild-type tissue adjacent to the morphant clone,
most probably owing to the abundance of wild-type ionocytes.
However, normal ciliated cells were found close to the border of
the morphant tissue, indicating a rescue of ciliated cells by their
wild-type neighbours. Mingling of normal and morphant epidermal
cells was observed at the borders of the clone; however, the rescued
ciliated cells were clearly labelled with the FITC-tagged MO and
were found next to wild-type ionocytes.
DISCUSSION
The embryonic epidermis of Xenopus is characterised by the
presence of multiciliated cells and, as such, it has been used as a
Disease Models & Mechanisms
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Fig. 5. Misexpression of foxi1e causes an
increase in ionocytes at the expense of
ciliated cells. (A)Embryos injected with foxi1e-
HA RNA (500 pg) and lacZ (marks injected side;
blue) were hybridised with the v1a probe at
neurula stage. Whole-mount embryo is shown
in the views indicated. Scale bar: 250m.
(B)The injected side of an embryo shown at
low magnification (left), high magnification
(middle) and in cross-section (right). Upper
and lower panels represent the same field of
imaging, with upper panels showing in situ
hybridisation with the v1a probe (purple) and
lower panels showing antibody staining for the
ciliated cell marker acetylated -tubulin.
Parallel lines in the high-magnification images
show region that was sectioned. Sectioned
images show an abundance of v1a ionocytes
on the injected side (In) compared with the
uninjected side (Un). Ciliated cells are absent in
regions overexpressing v1a and this is
emphasised by comparison of the injected
side with the uninjected side in cross-sections.
Scale bars: 500m (low magnification); 250m
(high magnification); 100m (sections).
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Fig. 6. Impact of foxi1e knockdown on the mucociliary epidermis. (A)Diagrammatic representation of foxi1e, showing the position of the ATG MO (red) and sp
MO (blue). E1, exon 1; E2, exon 2; I, intron. (B)Reverse transcriptase (RT)-PCR with ornithine decarboxylase (odc) control and foxi1e primers, showing that abnormal
splicing of foxi1e is observed when a foxi1e sp MO is injected. Asterisk marks reduction in foxi1e splice product in foxi1e splice morphants compared with control.
(C)Injection of foxi1e sp MO reduces (11/11) and injection of foxi1e ATG MO abolishes (11/11) the expression of v1a, whereas MOC has no effect (0/9) at early tadpole
stage as shown by whole-mount in situ hybridisation. Neither foxi1e sp MO (0/13), foxi1e ATG MO (0/11) or MOC (0/10) had an effect on expression of the ciliated cell
marker -1-tubulin. Scale bars: 500m. (D)Embryos were injected with MOC or foxi1e ATG MO (20 ng each) and analysed as indicated. In situ hybridisation with
foxi1e probe shows that the spotted expression of foxi1e is reduced (9/9) in foxi1e morphants, whereas MOC has no effect (0/11). Scale bars: 500m. Immunostaining
of tadpole epidermis with anti-foxi1e antibody shows that the protein expression is reduced in foxi1e morphants (11/12) but not in the MOC controls (0/10). In situ
hybridisation with -1-tubulin probe (black), combined with anti-xeel antibody staining (red), as indicated, reveals that, in the foxi1e morphants, the number of cells
that are not positive for either -1-tubulin or xeel is greatly reduced compared with controls. This suggests that the missing cells are ionocytes. Actin staining
(phalloidin–Alexa-Fluor-488; green) combined with anti-acetylated -tubulin antibody (red) reveals that epidermal cells are arranged in a rosette pattern around
each ciliated cell in the foxi1e-ATG-MO-injected epidermis, but in the MOC control (stained with anti-ZO-1 and acetylated -tubulin), this rosette formation is broken
by the insertion of ionocytes (inset shows higher-magnification view). See text for details. Scale bars: 50m. (E)Immunostaining for v1a (green), ca12 (green) and
acetylated -tubulin (red) in the combinations indicated confirms that ionocyte markers are missing in foxi1e-ATG-MO-injected embryos (34/35; n5 experiments)
but not in MOC controls (0/35; n5 experiments). Scale bars: 50m. High-magnification images (zoom; scale bar: 20m) reveal that ciliated cells are abnormal in the
foxi1e morphants. Bar graph shows quantification of the experiments looking at defective ciliated cells (n4 experiments). Defective ciliated cells were evident in the
majority of foxi1e ATG morphant embryos (42/47), but not in MOC-treated embryos (2/32). **P=0.0018.
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model system to elucidate the cell-autonomous molecular and
cellular mechanisms by which cilia are formed and beat in a single,
polarised direction (Mitchell et al., 2007; Park et al., 2008). Here,
we show the existence of an additional population of cells in the
Xenopus embryonic epidermis; these cells express proton pumps
such as v-atpase subunits, enzymes such as ca12, and ion
exchangers such as slc26a4 and mct4. These cells do not coincide
with either ciliated or mucus-secreting goblet cells but, like the
ciliated cells, undergo intercalation from the inner into the outer
layer of the epidermis. Therefore, we suggest that the previously
uncharacterised INCs (Stubbs et al., 2006) are most probably
analogous to the ionocytes found in zebrafish epidermis and gills,
where they play a role in osmotic regulation and clearance of
metabolic by-products (Horng et al., 2009; Esaki et al., 2009).
Ionocytes have also been called MR or proton-secreting cells in
both adult frogs and fish embryos (Ehrenfeld and Klein, 1997; Lin
et al., 2006), and can also be found in the mammalian kidney,
where they have been termed intercalated cells (Brown and
Breton, 1996). In zebrafish skin and gills, ionocytes energise the
uptake of ions such as Na+ and Cl– against their natural
concentration gradients in freshwater environments. They do this
by using energy from ATP hydrolysis to pump out protons
through V-ATPases and electrogenically drive the intake of Na+
ions. Because Xenopus embryos must also survive in similar
freshwater conditions to zebrafish, it is likely that the Xenopus
larval ionocytes have similar ionic regulation roles. The
requirement for ionic regulation continues in the adult and,
indeed, ionocyte-like cells have been described in adult frog skin,
which has been used as a model for epithelial V-ATPase-
dependent Na+ transport for many years (Ehrenfeld, 1998;
Ehrenfeld and Klein, 1997).
Here, we show that, in addition to osmotic regulation, ionocytes
have a role in the correct function of the mucociliary epithelium.
Ionocytes express the winged helix transcription factor foxi1e, and
knocking down foxi1e results in depletion of ionocytes. Although
this is in contrast to previous studies in X. laevis that have
concluded that knockdown of foxi1e leads to loss of ciliated cells
(Mir et al., 2007), it is consistent with the previous observation that
foxi1e morphants eventually die from osmotic lysis (Mir et al.,
2007), and with the results in zebrafish (Esaki et al., 2009; Hsiao et
al., 2007; Jänicke et al., 2007) and mice (Blomqvist et al., 2006;
Hulander et al., 2003; Kurth et al., 2006; Vidarsson et al., 2009) on
the regulation of ion-modulating genes by Foxi1 in renal, epididymal
and endolymphatic duct/sac epithelium. In mice, loss of FOXI1
causes deafness, infertility and distal renal tubular acidosis
(Blomqvist et al., 2004; Blomqvist et al., 2006; Hulander et al., 2003;
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Fig. 7. Loss of ionocytes affects the development of
ciliated and goblet cells. (A,B)SEM and (C,D) TEM images
of stage 27 tadpole epidermis of control and foxi1e-ATG-
MO-injected embryos, as indicated. (A)Knockdown of
foxi1e causes loss of cells with apical pits (ionocytes) but
ciliated cells are still present. Scale bars: 25m. (B)High-
magnification images reveal that ciliated cells in foxi1e
knockdown embryos possess fewer cilia than controls.
Scale bars: 10m. (C)TEM images show that, in the control,
basal bodies are located beneath the apical membrane
(arrowheads), whereas, in the foxi1e morphant embryos,
numerous basal bodies are abnormally located deep in the
cytoplasm (arrowheads). Scale bars: 1m. (D)Goblet cells
develop an increased number of cellular protrusions,
resembling microvilli, in the foxi1e morphant embryos
(arrowheads) compared with goblet cells of control
embryos. Scale bars: 1m (control); 500 nm (foxi1e ATG
MO).
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Vidarsson et al., 2009), consistent with a loss of ionocytes
(Blomqvist et al., 2004).
What is the impact of ionocyte loss on the development of the
frog larval mucociliary epidermis? In foxi1e morphants, ciliated
cells develop aberrantly in that they possess fewer and shorter
cilia. This causes a reduction of acetylated -tubulin staining,
which might have led authors of previous studies to erroneously
suggest that ciliated cells have been lost in foxi1e morphants (Mir
et al., 2007). Aberrant cilia are also unable to beat properly:
embryos did not show usual drifting motion, which is
characteristic of cooperative epidermal cilia beating (not shown).
TEM analysis showed that basal bodies fail to localise to the apical
side, where they would normally dock. Because foxi1e is not
expressed in ciliated cells, we conclude that the effect on ciliated
cells is secondary to the loss of ionocytes. This is further
supported by loss-of-function mosaic experiments that showed
that morphant abnormal ciliated cells could be rescued by wild-
type ionocytes. But how could ionocyte loss account for defects
in the ciliated cells?
Loss of ionocytes, with consequent loss of ion-modulating
pumps and channels, could affect the development of ciliated cells
by altering the ionic properties of the local environment. In turn,
this could affect the structure and/or secretion of mucus from
adjacent goblet cells. In support of this, there is evidence that, in
mammals, ionic regulation by enterocytes is important for mucus
release from goblet cells (De Lisle, 2009; Garcia et al., 2009). In
particular, HCO3– forms complexes with Ca2+ and H+, and it is the
dissociation of these cations from mucins that enables mucin
expansion and disaggregation (Garcia et al., 2009; Quinton, 2008).
Enterocytes express the cystic fibrosis transmembrane conductance
regulator (CFTR), a Cl– channel that has been shown to also
regulate HCO3– transport (Choi et al., 2001). In cystic fibrosis,
which is believed to arise as a result of mutations in this Cl–-HCO3–
channel (De Braekeleer and Daigneault, 1992), defective secretion
of HCO3– by enterocytes leads to defects in mucus secretion by
the goblet cells, resulting in abnormally thick, aggregated, mucus
(Garcia et al., 2009). In the lung, such abnormally thick mucus
impedes mucociliary clearance and could secondarily damage the
ciliated cells, which are unable to clear it (Houtmeyers et al., 1999;
Voynow and Rubin, 2009).
Alternatively, recent studies have shown that acidification by V-
ATPase is important for the activation of several signalling pathways
that are involved in embryonic development, such as Wnt, Notch
and Fz-Dsh (Buechling et al., 2010; Cruciat et al., 2010; Vaccari et
dmm.biologists.org
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Fig. 8. Mosaic analysis confirms ciliary defects. (A)FITC-
labelled foxi1e ATG MO was injected at the one-cell stage
and fluorescence confirmed at stage 9. Small grafts from
morphant embryos were taken from the ventral animal
pole (V) at stage 9 and grafted onto the ventral animal
pole of wild-type embryos. Embryos developed until
stage 28, when the morphant tissue could be
distinguished from wild-type tissue in the epidermis by
FITC fluorescence. D, dorsal. (B)A transplanted embryo at
stage 28 shows tissue injected with MO (green), v1a-
expressing cells (red) and ciliated cells (blue). Lower
panels show higher-magnification images of the upper
panels. Defective ciliated cells (arrowheads) are evident
within the transplanted region, but ciliated cells (arrows)
at the border of the transplanted tissue and adjacent to
ionocytes seem normal. Note that the highlighted ciliated
cells (arrows) at the border are green owing to the
presence of the MO in these cells and yet the cilia appear
normal. The white line in the v1A/AcTub images
highlights the border between morphant and wild-type
tissue. Scale bars: 50m (upper panels); 25m (lower
panels).
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al., 2010). It is intriguing that the ciliary defects observed following
the loss of ionocytes are very similar to those observed from loss
of Dsh in ciliated cells, including shortened cilia and abnormal basal
body migration and docking (Park et al., 2008). Thus, it could be
that an ion modulator such as V-ATPase is necessary for a signalling
event that activates Dsh in the ciliated cell. Our mosaic analysis
suggests that the ionocyte–ciliated-cell signal has a very short range
and might even be cell-contact dependent. Loss of ionocytes could
also affect the internal pH of the ciliated cell, because a recent paper
suggests that docking of Dsh is affected by changes in intracellular
pH (Simons et al., 2009). However, we have no further evidence,
at present, to link the foxi1e morphant phenotype to loss of dsh
signalling in the ciliated cell.
In the foxi1e morphant, the goblet cells were still present but
we were not able to determine whether mucus secretion or
expansion was normal, because the mucins secreted by the goblet
cells have not yet been characterised in Xenopus. For this reason,
at present, we cannot distinguish whether the non-cell-autonomous
effects are direct on the ciliated cells or indirect via the goblet cells.
Although these possibilities are not mutually exclusive, we favour
a direct interaction between ciliated cells and ionocytes for two
reasons. First, ionocytes tend to develop in physical contact with
ciliated cells and, second, the defects in cilia seem to have an
intracellular aetiology (failure of basal body migration and/or
docking), which would be difficult to explain by altered mucus
properties. Taken together, our results show that the loss of
ionocytes leads to defects in the composition and function of the
mucociliary epidermis.
To conclude, our work showed for the first time the impact of
ionocytes on ciliated cells using an in vivo system. Our work also
expanded the usefulness of the Xenopus larval skin as a model
system for epithelial development. The larval epidermis is easily
accessible and is amenable to live imaging and molecular
manipulations, but so far its use has been restricted to the study
of ciliated cells. The embryonic zebrafish skin, and the adult frog
skin, had been used as models of transporting epithelia because
neither possesses ciliated cells [in the frog, ciliated cells disappear
after hatching (Nishikawa et al., 1992)]. Our work showed that the
embryonic frog skin is more versatile as an epithelial in vivo model
system than previously thought, because it consists of secretory,
ion-modulating and ciliated cells. Thus, it can be used to study
secretory and transporting as well as mucociliary epithelia. We
suggest that this system would be best exploited to understand how
different cells interact with each other to form a functional organ.
Furthermore, it can be used to understand not only how disease
states can arise by defects in a single cell type but also how it can
arise as a result of the breakdown in cooperation between different
cell types.
METHODS
Morpholino design
All morpholinos were designed based on the X. tropicalis genome
sequence and were purchased from Gene Tools. The foxi1e gene
sequence has two exons either side of an intron, and gives rise to
mRNA of 1122 nucleotides and an expected protein sequence of
373 amino acids (41 kDa). The sequence of the foxi1e ATG MO is
5-GTGCCTGTGGATCAAATGCACTCAT-3, of the sp MO is
5-AATGAATGGTTTTTACCTGGATCAT-3 and of the standard
MO control (mutated -globin gene) is 5-CCTCTTACCTC -
AGTTACAATTTATA-3. All morpholinos were FITC labelled and
were injected at a dose of 20 ng in one cell of a two-cell stage
embryo, followed by analysis at the tailbud stage (stage 25-28).
Constructs and mRNA generation
A pCS2-foxi1e-HA construct was generated by PCR amplification
of the full-length gene, linearised downstream of the HA tag with
the enzyme NotI (Roche) and transcribed with the SP6 RNA
polymerase. mRNA was injected into two-cell stage embryos at a
dose of 250 pg with lacZ RNA (250 pg) as a lineage marker. To
generate probes for in situ hybridisation, specific ESTs were
obtained from the X. tropicalis full-length database. The clone
names were as follows: v-atpase subunit v0d (TNeu100k18), v-
atpase subunit v1a (TTpA014f09), v-atpase subunit v1g
(TTpA033b12), mct4 (TEgg054k10), slc26a4 (TTbA078m21), ca12
(TEgg122a02) and foxi1e (TNeu069d21). Where appropriate, gene
names were adjusted according to standard nomenclature
(www.xenbase.org).
Whole-mount in situ hybridisation
In situ hybridisation was performed largely as described (Harland,
1991). Embryos were post-fixed in methanol and bleached in 5%
hydrogen peroxide (H2O2). To perform antibody staining after in
situ hybridisation, the proteinase K step was omitted from the
protocol. After development of the colour reaction for in situ
hybridisation, two 30-minute washes in methanol were performed
followed by stepwise rehydration into BBT [PBS-Triton (0.1% Triton
X-100) + 5% BSA]. The standard immunofluorescence protocol was
then followed as below.
For fluorescent in situ hybridisation, the following modifications
were made to the standard protocol: after post-hybridisation
washes, endogenous peroxidase activity was inactivated by
incubating with 3% H2O2 in PBS for 20 minutes. The antibody used
to detect the probes was anti-Dig-POD (1:1000; Roche) and signal
was detected using Cy-3-based tyramide signal amplification (TSA
kit; Perkin Elmer), as described previously (Vize et al., 2009). To
stain nuclei, DAPI (5 mg/ml) was incubated with the embryos for
5 minutes.
Immunofluorescence
Antibody staining was carried out on whole-mount embryos
according to standard protocols. In summary, embryos were fixed
in MEMFA [0.1 M MOPS, pH 7.4, 2 mM EGTA, 1 mM MgSO4,
3.7% (v/v) formaldehyde] and post-fixed in methanol. All
antibodies used in immunofluorescence were used at a dilution
of 1:1000. The antibodies used were mouse anti-acetylated -
tubulin (Sigma), rabbit anti-ca12 [generated by Cambridge
Research Biochemicals (CRB)], rabbit anti-foxi1e (generated by
CRB), mouse anti-xeel (gift from Saburo Nagata, Japan’s Women’s
University, Tokyo, Japan), rabbit anti-v1a v-atpase (named ST170;
gift from Shigeyasu Tanaka, Shizuoka University, Japan), rat anti-
v1a v-atpase (gift from Shigehisa Hirose, Tokyo Institute of
Technology, Japan) and rabbit anti-ZO-1 (used at a dilution of
1:200; Zymed). For staining of actin, phalloidin conjugated to
Alexa Fluor 488 was used (1:300 dilution; Invitrogen) and
combined with antibody staining for acetylated -tubulin. After
hourly washes with BBT, secondary antibodies conjugated to
Disease Models & Mechanisms
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Alexa Fluor 488, Alexa Fluor 568 and Alexa Fluor 647 (1:500
dilution; Molecular Probes, Invitrogen) were used according to
the species of primary antibody being recognised. Secondary
antibodies were also incubated overnight with the embryos at 4°C.
The embryos were imaged in glass-bottom dishes (MatTek
Corporation) using a confocal microscope (Olympus Fluoview;
FV-1000). Imaging settings were kept the same for control and
experimental embryos.
Cryosectioning
Embryos were sectioned after whole-mount in situ hybridisation
or immunofluorescence. Pre-neurula stage embryos were
embedded in 15% fish gelatin (Sigma). Post-neurula stage embryos
were embedded in 25% fish gelatin. The embedded embryos were
frozen in fish gelatin prior to sectioning. Sections were 12 m thick.
After sectioning, slides were mounted in Mowiol (Polysciences; for
immunofluorescence) or 90% glycerol (for in situ samples) and
coverslips sealed over sections for imaging.
Antibody generation
An antibody for ca12 was generated from a portion of the protein
(residues 21-155) found to be unique among other carbonic
anhydrases. This portion was cloned into the pMal-c2x vector
(NEB) so that it was tagged to maltose-binding protein (MBP) for
immunisation into rabbits. The crude extract was tested and was
positive for expression of ca12 by immunofluorescence. The anti-
foxi1e antibody was generated from a peptide sequence:
LGNSSPGTDDSSEKRSPP. This peptide was synthesised and used
to immunise rabbits. The crude extract was positive in
immunofluorescence and the antibody was affinity-purified against
the peptide. Both antibodies were generated by CRB.
Western blot
Embryos injected at the one-cell stage were grown until gastrula stage
(stage 10), frozen and lysed in lysis buffer [150 mM NaCl, 20 mM
NaCl, 1% NP-40, 5 mM EDTA, 5 mM EGTA + 1 mM PMSF and
complete protease inhibitors (Roche)]. The lysate was run on a 10%
SDS-PAGE gel. Western blotting was performed in a semi-dry system
according to manufacturer’s instructions (Hoefer). Prior to antibody
incubation the polyvinylidene fluoride (PVDF) membrane (Millipore)
was blocked with 5% milk powder in PBS-Tween (0.1%, v/v) for 1
hour. For HA signal, rat anti-HA peroxidase (1:1000; Roche) was used.
For the tubulin loading control, mouse anti-tubulin primary antibody
(1:10,000; Sigma) was used. Antibodies were incubated in blocking
buffer overnight, followed by washes with PBS-Tween. Blots were
developed using ECL reagents (GE Healthcare).
Transplant assay
Embryos injected with foxi1e ATG MO were reared alongside wild-
type embryos until gastrulation. Embryos were incubated in
transplantation buffer [0.5 MMR, 1% ficoll and 5 g/ml
gentamicin (Sigma)] throughout the transplantation procedure.
Forceps were used to transplant a small patch of epidermal tissue
from the ventral animal pole of the morphant embryos onto the
wild-type embryos (with ventral tissue removed). The embryos
were then incubated in post-transplantation buffer (0.1 MMR, 5
g/ml gentamicin) until stage 30, when they were fixed for analysis.
For diagrammatic representation see Fig. 8A.
Electron microscopy
SEM and TEM were performed according to standard protocols.
70-nm sections were cut on an Reichert-Jung Ultracut E
ultramicrotome and observed using an FEI Tecnai 12 electron
microscope at 80 kV.
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TRANSLATIONAL IMPACT
Clinical issue
Complex epithelia have multiple functions, including the regulation of ion
transport and homeostasis. A failure to regulate ionic homeostasis is a
hallmark of many human diseases. For example, defects in the function of
epithelia whose primary function is ion transport, such as those found in
kidney and epididymis, lead to abnormalities such as distal renal acidosis and
male sterility. In addition, although ion transport is not the primary function of
other epithelia, such as the secretory and mucociliary epithelia found in the
gut and lung, ionic regulation is crucial for their normal function. In diseases
such as cystic fibrosis, failure of ionic regulation is associated with
abnormalities in mucus consistency and secretion, which has deleterious
effects in the gut and lungs. 
Most epithelia consist of several cell types, including specialised cells
dedicated to ionic regulation (known as ionocytes, mitochondria-rich cells,
proton-secreting cells or intercalated cells). Challenges in understanding
disorders of epithelial ion homeostasis include understanding how the
different cell types cooperate to form a functional organ and how
abnormalities in one cell type can affect the function of other cell types.
However, owing to the difficulties in studying epithelia in vivo in mammals,
there is an urgent need for model systems that recapitulate the complexity of
the epithelia yet still enable experimental observation and manipulation. 
Results
The frog embryonic (larval) skin, which contains both mucus-secreting goblet
cells and multiciliated cells, has been used as a model system for mucociliary
epithelia of the lung, particularly to understand the molecular mechanisms of
ciliogenesis. Here, the authors show that the epidermis of Xenopus tropicalis
larvae also contains a population of ionocytes in addition to mucus-secreting
goblet cells and multiciliated cells. They show that the ionocytes express
proteins that modulate ion homeostasis, such as v-atpase, carbonic anhydrase
12, pendrin and monocarboxylate transporter 4, and intercalate from the inner
to the outer layer of the epidermis. Furthermore, X. tropicalis ionocyte
development depends on the transcription factor foxi1e, indicating that they
are highly similar to the intercalated cells found in the mammalian kidney.
Knockdown of foxi1e expression prevents the development of ionocytes,
which, surprisingly, has a deleterious effect on the development of
multiciliated cells, which show fewer and aberrantly beating cilia. 
Implications and future directions
This work demonstrates for the first time the influence of ionocytes on ciliated
cells in an in vivo system, and expands the utility of Xenopus larval skin as a
versatile model for the study of secretory, transporting and mucociliary
epithelia in vivo. Combined with other advantages of Xenopus as a model
(amenability to live imaging and manipulation of gene expression, as well as a
fully sequenced genome), this represents a powerful system in which to
examine how different cell types interact to form a functional organ, to model
complex epithelial diseases and to test potential therapies.
doi:10.1242/dmm.007195
D
ise
as
e 
M
od
el
s &
 M
ec
ha
ni
sm
s  
    
   D
M
M
Kintner for communicating results prior to publication, and Saburo Nagata,
Shigeyasu Tanaka and Shigehisa Hirose for the donation of antibodies. N.P. is a
Wellcome Trust Senior Research Fellow and E.D. is a Wellcome Trust 4-year PhD
student. This work was supported by the Wellcome Trust.
COMPETING INTERESTS
The authors declare no competing or financial interests.
AUTHOR CONTRIBUTIONS
E.D. and N.P. designed the experiments and wrote the manuscript; E.D. performed
the experiments and N.P. directed and supervised the work.
SUPPLEMENTARY MATERIAL
Supplementary material for this article is available at
http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.006494/-/DC1
REFERENCES
Al-Awqati, Q. and Schwartz, G. J. (2004). A fork in the road of cell differentiation in
the kidney tubule. J. Clin. Invest. 113, 1528-1530.
Ardesjo, B., Portela-Gomes, G. M., Rorsman, F., Gerdin, E., Loof, L., Grimelius, L.,
Kampe, O. and Ekwall, O. (2008). Immunoreactivity against Goblet cells in patients
with inflammatory bowel disease. Inflamm. Bowel Dis. 14, 652-661.
Billett, F. S. and Gould, R. P. (1971). Fine structural changes in the differentiating
epidermis of Xenopus laevis embryos. J. Anat. 108, 465-480.
Blomqvist, S. R., Vidarsson, H., Fitzgerald, S., Johansson, B. R., Ollerstam, A.,
Brown, R., Persson, A. E., Bergström, G. G. and Enerbäck, S. (2004). Distal renal
tubular acidosis in mice that lack the forkhead transcription factor Foxi1. J. Clin.
Invest. 113, 1560-1570.
Blomqvist, S. R., Vidarsson, H., Söder, O. and Enerbäck, S. (2006). Epididymal
expression of the forkhead transcription factor Foxi1 is required for male fertility.
EMBO J. 25, 4131-4141.
Brown, D. and Breton, S. (1996). Mitochondria-rich, proton-secreting epithelial cells. J.
Exp. Biol. 199, 2345-2358.
Brown, D., Grosso, A. and De Sousa, R. C. (1981). The amphibian epidermis:
distribution of mitochondria-rich cells and the effect of oxytocin. J. Cell Sci. 52, 197-
213.
Buechling, T., Bartscherer, K., Ohkawara, B., Chaudhary, V., Spirohn, K., Niehrs, C.
and Boutros, M. (2010). Wnt/Frizzled signaling requires dPRR, the Drosophila
homolog of the prorenin receptor. Curr. Biol. 20, 1263-1268.
Chilvers, M. A. and O’Callaghan, C. (2000). Local mucociliary defence mechanisms.
Paediatr. Respir. Rev. 1, 27-34.
Choi, J. Y., Muallem, D., Kiselyov, K., Lee, M. G., Thomas, P. J. and Muallem, S.
(2001). Aberrant CFTR-dependent HCO–3 transport in mutations associated with
cystic fibrosis. Nature 410, 94-97.
Cruciat, C. M., Ohkawara, B., Acebron, S. P., Karaulanov, E., Reinhard, C.,
Ingelfinger, D., Boutros, M. and Niehrs, C. (2010). Requirement of prorenin
receptor and vacuolar H+-ATPase-mediated acidification for Wnt signaling. Science
327, 459-463.
De Braekeleer, M. and Daigneault, J. (1992). Spatial distribution of the DF508
mutation in cystic fibrosis: a review. Hum. Biol. 64, 167-174.
De Lisle, R. C. (2009). Pass the bicarb: the importance of HCO3– for mucin release. J.
Clin. Invest. 119, 2535-2537.
Deblandre, G. A., Wettstein, D. A., Koyano-Nakagawa, N. and Kintner, C. (1999). A
two-step mechanism generates the spacing pattern of the ciliated cells in the skin of
Xenopus embryos. Development 126, 4715-4728.
Dimmer, K. S., Friedrich, B., Lang, F., Deitmer, J. W. and Broer, S. (2000). The low-
affinity monocarboxylate transporter MCT4 is adapted to the export of lactate in
highly glycolytic cells. Biochem. J. 350, 219-227.
Ehrenfeld, J. (1998). Active proton and urea transport by amphibian skin. Comp.
Biochem. Physiol. A Physiol. 119, 35-45.
Ehrenfeld, J. and Klein, U. (1997). The key role of the H+ V-ATPase in acid-base
balance and Na+ transport processes in frog skin. J. Exp. Biol. 200, 247-256.
Eley, L., Yates, L. M. and Goodship, J. A. (2005). Cilia and disease. Curr. Opin. Genet.
Dev. 15, 308-314.
Esaki, M., Hoshijima, K., Kobayashi, S., Fukuda, H., Kawakami, K. and Hirose, S.
(2007). Visualization in zebrafish larvae of Na+ uptake in mitochondria-rich cells
whose differentiation is dependent on foxi3a. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 292, R470-R480.
Esaki, M., Hoshijima, K., Nakamura, N., Munakata, K., Tanaka, M., Ookata, K.,
Asakawa, K., Kawakami, K., Wang, W., Weinberg, E. S. et al. (2009). Mechanism of
development of ionocytes rich in vacuolar-type H(+)-ATPase in the skin of zebrafish
larvae. Dev. Biol. 329, 116-129.
Fischer, H. and Widdicombe, J. H. (2006). Mechanisms of acid and base secretion by
the airway epithelium. J. Membr. Biol. 211, 139-150.
Fox, H. and Hamilton, L. (1971). Ultrastructure of diploid and haploid cells of Xenopus
laevis larvae. J. Embryol. Exp. Morphol. 26, 81-98.
Garcia, M. A., Yang, N. and Quinton, P. M. (2009). Normal mouse intestinal mucus
release requires cystic fibrosis transmembrane regulator-dependent bicarbonate
secretion. J. Clin. Invest. 119, 2613-2622.
Harland, R. M. (1991). In situ hybridization: an improved whole-mount method for
Xenopus embryos. Methods Cell Biol. 36, 685-695.
Hayes, J. M., Kim, S. K., Abitua, P. B., Park, T. J., Herrington, E. R., Kitayama, A.,
Grow, M. W., Ueno, N. and Wallingford, J. B. (2007). Identification of novel
ciliogenesis factors using a new in vivo model for mucociliary epithelial
development. Dev. Biol. 312, 115-130.
Horng, J. L., Lin, L. Y. and Hwang, P. P. (2009). Functional regulation of H+-ATPase-rich
cells in zebrafish embryos acclimated to an acidic environment. Am. J. Physiol. Cell
Physiol. 296, C682-C692.
Houtmeyers, E., Gosselink, R., Gayan-Ramirez, G. and Decramer, M. (1999).
Regulation of mucociliary clearance in health and disease. Eur. Respir. J. 13, 1177-
1188.
Hsiao, C. D., You, M. S., Guh, Y. J., Ma, M., Jiang, Y. J. and Hwang, P. P. (2007). A
positive regulatory loop between foxi3a and foxi3b is essential for specification and
differentiation of zebrafish epidermal ionocytes. PLoS ONE 2, e302.
Hulander, M., Kiernan, A. E., Blomqvist, S. R., Carlsson, P., Samuelsson, E. J.,
Johansson, B. R., Steel, K. P. and Enerbäck, S. (2003). Lack of pendrin expression
leads to deafness and expansion of the endolymphatic compartment in inner ears of
Foxi1 null mutant mice. Development 130, 2013-2025.
Hwang, P. P. (2009). Ion uptake and acid secretion in zebrafish (Danio rerio). J. Exp. Biol.
212, 1745-1752.
Jänicke, M., Carney, T. J. and Hammerschmidt, M. (2007). Foxi3 transcription factors
and Notch signaling control the formation of skin ionocytes from epidermal
precursors of the zebrafish embryo. Dev. Biol. 307, 258-271.
Jouret, F., Auzanneau, C., Debaix, H., Wada, G. H., Pretto, C., Marbaix, E., Karet, F.
E., Courtoy, P. J. and Devuyst, O. (2005). Ubiquitous and kidney-specific subunits of
vacuolar H+-ATPase are differentially expressed during nephrogenesis. J. Am. Soc.
Nephrol. 16, 3235-3246.
Kallio, H., Pastorekova, S., Pastorek, J., Waheed, A., Sly, W. S., Mannisto, S.,
Heikinheimo, M. and Parkkila, S. (2006). Expression of carbonic anhydrases IX and
XII during mouse embryonic development. BMC Dev. Biol. 6, 22.
Karet, F. E. (2002). Inherited distal renal tubular acidosis. J. Am. Soc. Nephrol. 13, 2178-
2184.
Knowles, M. R. and Boucher, R. C. (2002). Mucus clearance as a primary innate
defense mechanism for mammalian airways. J. Clin. Invest. 109, 571-577.
Kramer-Zucker, A. G., Olale, F., Haycraft, C. J., Yoder, B. K., Schier, A. F. and
Drummond, I. A. (2005). Cilia-driven fluid flow in the zebrafish pronephros, brain and
Kupffer’s vesicle is required for normal organogenesis. Development 132, 1907-1921.
Kurth, I., Hentschke, M., Hentschke, S., Borgmeyer, U., Gal, A. and Hübner, C. A.
(2006). The forkhead transcription factor Foxi1 directly activates the AE4 promoter.
Biochem. J. 393, 277-283.
Kyllonen, M. S., Parkkila, S., Rajaniemi, H., Waheed, A., Grubb, J. H., Shah, G. N.,
Sly, W. S. and Kaunisto, K. (2003). Localization of carbonic anhydrase XII to the
basolateral membrane of H+-secreting cells of mouse and rat kidney. J. Histochem.
Cytochem. 51, 1217-1224.
Liao, B. K., Chen, R. D. and Hwang, P. P. (2009a). Expression regulation of Na+-K+-
ATPase 1-subunit subtypes in zebrafish gill ionocytes. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 296, R1897-R1906.
Liao, S. Y., Lerman, M. I. and Stanbridge, E. J. (2009b). Expression of transmembrane
carbonic anhydrases, CAIX and CAXII, in human development. BMC Dev. Biol. 9, 22.
Lin, L. Y., Horng, J. L., Kunkel, J. G. and Hwang, P. P. (2006). Proton pump-rich cell
secretes acid in skin of zebrafish larvae. Am. J. Physiol. Cell Physiol. 290, C371-C378.
Liu, Y., Pathak, N., Kramer-Zucker, A. and Drummond, I. A. (2007). Notch signaling
controls the differentiation of transporting epithelia and multiciliated cells in the
zebrafish pronephros. Development 134, 1111-1122.
Mir, A., Kofron, M., Zorn, A. M., Bajzer, M., Haque, M., Heasman, J. and Wylie, C. C.
(2007). FoxI1e activates ectoderm formation and controls cell position in the
Xenopus blastula. Development 134, 779-788.
Mir, A., Kofron, M., Heasman, J., Mogle, M., Lang, S., Birsoy, B. and Wylie, C. (2008).
Long- and short-range signals control the dynamic expression of an animal
hemisphere-specific gene in Xenopus. Dev. Biol. 315, 161-172.
Mitchell, B., Jacobs, R., Li, J., Chien, S. and Kintner, C. (2007). A positive feedback
mechanism governs the polarity and motion of motile cilia. Nature 447, 97-101.
Mitchell, B., Stubbs, J. L., Huisman, F., Taborek, P., Yu, C. and Kintner, C. (2009). The
PCP pathway instructs the planar orientation of ciliated cells in the Xenopus larval
skin. Curr. Biol. 19, 924-929.
Montorzi, M., Burgos, M. H. and Falchuk, K. H. (2000). Xenopus laevis embryo
development: arrest of epidermal cell differentiation by the chelating agent 1,10-
phenanthroline. Mol. Reprod. Dev. 55, 75-82.
Nagata, S. (2005). Isolation, characterization, and extra-embryonic secretion of the
Xenopus laevis embryonic epidermal lectin, XEEL. Glycobiology 15, 281-290.
Disease Models & Mechanisms
Ionocytes in a mucociliary epithelium RESEARCH ARTICLE
D
ise
as
e 
M
od
el
s &
 M
ec
ha
ni
sm
s  
    
   D
M
M
Nickells, R. W., Cavey, M. J. and Browder, L. W. (1988). The effects of heat shock on
the morphology and protein synthesis of the epidermis of Xenopus laevis larvae. J.
Cell Biol. 106, 905-914.
Nishikawa, S., Hirata, J. and Sasaki, F. (1992). Fate of ciliated epidermal cells during
early development of Xenopus laevis using whole-mount immunostaining with an
antibody against chondroitin 6-sulfate proteoglycan and anti-tubulin:
transdifferentiation or metaplasia of amphibian epidermis. Histochemistry 98, 355-
358.
O’Connell, J. T., Tomlinson, J. S., Roberts, A. A., McGonigle, K. F. and Barsky, S. H.
(2002). Pseudomyxoma peritonei is a disease of MUC2-expressing goblet cells. Am. J.
Pathol. 161, 551-564.
Park, T. J., Mitchell, B. J., Abitua, P. B., Kintner, C. and Wallingford, J. B. (2008).
Dishevelled controls apical docking and planar polarization of basal bodies in
ciliated epithelial cells. Nat. Genet. 40, 871-879.
Proescholdt, M. A., Mayer, C., Kubitza, M., Schubert, T., Liao, S. Y., Stanbridge, E. J.,
Ivanov, S., Oldfield, E. H., Brawanski, A. and Merrill, M. J. (2005). Expression of
hypoxia-inducible carbonic anhydrases in brain tumors. Neuro-Oncology 7, 465-475.
Quinton, P. M. (2008). Cystic fibrosis: impaired bicarbonate secretion and
mucoviscidosis. Lancet 372, 415-417.
Simons, M., Gault, W. J., Gotthardt, D., Rohatgi, R., Klein, T. J., Shao, Y., Lee, H. J.,
Wu, A. L., Fang, Y., Satlin, L. M. et al. (2009). Electrochemical cues regulate
assembly of the Frizzled/Dishevelled complex at the plasma membrane during
planar epithelial polarization. Nat. Cell Biol. 11, 286-294.
Specian, R. D. and Oliver, M. G. (1991). Functional biology of intestinal goblet cells.
Am. J. Physiol. 260, C183-C193.
Stubbs, J. L., Davidson, L., Keller, R. and Kintner, C. (2006). Radial intercalation of
ciliated cells during Xenopus skin development. Development 133, 2507-2515.
Suri, C., Haremaki, T. and Weinstein, D. C. (2005). Xema, a foxi-class gene expressed
in the gastrula stage Xenopus ectoderm, is required for the suppression of
mesendoderm. Development 132, 2733-2742.
Turner, J. and Jones, C. E. (2009). Regulation of mucin expression in respiratory
diseases. Biochem. Soc. Trans. 37, 877-881.
Vaccari, T., Duchi, S., Cortese, K., Tacchetti, C. and Bilder, D. (2010). The vacuolar
ATPase is required for physiological as well as pathological activation of the Notch
receptor. Development 137, 1825-1832.
Vidarsson, H., Westergren, R., Heglind, M., Blomqvist, S. R., Breton, S. and
Enerbäck, S. (2009). The forkhead transcription factor Foxi1 is a master regulator of
vacuolar H-ATPase proton pump subunits in the inner ear, kidney and epididymis.
PLoS ONE 4, e4471.
Vize, P. D., McCoy, K. E. and Zhou, X. (2009). Multichannel wholemount fluorescent
and fluorescent/chromogenic in situ hybridization in Xenopus embryos. Nat. Protoc.
4, 975-983.
Voynow, J. A. and Rubin, B. K. (2009). Mucins, mucus, and sputum. Chest 135, 505-
512.
Wagner, C. A. (2007). The emerging role of pendrin in renal chloride reabsorption. Am.
J. Physiol. Renal Physiol. 292, F912-F913.
Wagner, C. A., Finberg, K. E., Breton, S., Marshansky, V., Brown, D. and Geibel, J. P.
(2004). Renal vacuolar H+-ATPase. Physiol. Rev. 84, 1263-1314.
Wagner, C. A., Devuyst, O., Bourgeois, S. and Mohebbi, N. (2009). Regulated acid-
base transport in the collecting duct. Pflugers Arch. 458, 137-156.
Wallingford, J. B. (2006). Planar cell polarity, ciliogenesis and neural tube defects.
Hum. Mol. Genet. 15, R227-R234.
Yang, J. and Li, T. (2005). The ciliary rootlet interacts with kinesin light chains and may
provide a scaffold for kinesin-1 vesicular cargos. Exp. Cell Res. 309, 379-389.
dmm.biologists.org
Ionocytes in a mucociliary epitheliumRESEARCH ARTICLE
D
ise
as
e 
M
od
el
s &
 M
ec
ha
ni
sm
s  
    
   D
M
M
